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nscrvat on Wr a0i ill ire I
been. recngni2ed for centuries. Binn.eft ti939), in. his book Sn/I Coriservofiors, ci.ted
nnnteroos examples from a.noient times of coo.ntries where canals coere devel
ped nxtt ft h i_ o0a 1c1sisr r( rio 1ftF

adoirron, reservoirs nero constructed ‘‘.‘r rota. n n’g s ntcr for iator nsc-’ on
culturai land. terraces. were constructed to reduce runoff, rlosved fa I lowirr a as
promoted to consers 0 seater. deep plowing was used in some cases. and contour
ng was used to retain seater on land. Water conservation seldom was the direct

object of these practices, but seater conservation was achieved by using them.
Water for agriculture is derived from precipitation or from a stream, reser

coir, or agrufer where irrigation is practiced. Precipitation frequency in humid
regions usually is adequate to provide br plant nec dme hut even n suds regions.
recipitasion amount and d istrihutiorr cart’ consderablv rrorn average in ann

F
-‘

arch n. the U n.ited. States un.lcss noted. oth.c’rwise), cchore annual pirecipitation. aver
ignO 1287 mm Il o irooghts acnragn tl rw pcr c sr tricl na’ —cxv ly ceo in
crop ie.lds. Water con.servation, th.erefore, is important under such conditions

arnett, 1987). in contrast, excess svatcr is a nahlem in some situation , n.nd

rcciitatuan rroo.ociicv and reliabilIty de’crnasc w1s’ corn from riunvo I,’

conservariian tor scrccesstoi acrrcui-.turc icr the drier regions. Siarn.e crops i. n. h.omici.,
sobhu.mici.. an.d. ma .nia.nid. reti.ion.s a.n.d oaost craps/n arid. rei.iion.s are irciga.ted., For
t.occessfo i crop prod.u.ction o.n.der alI coi..d.ition , a.d.eqoate water must he stored
in. sod err sustain cropso ntd. the next prs.rcrpi.tatir n or irri.gatior. o’vent. Even wheu

i’rrcaum.c c pp P.ns a cc r..ni ri.r,:r ia 1: her. rig 00 pi.cteci. mci t ‘a Sian’ otter be c t n,i’cc cc.

Loncribnci:nn no, 06-166.6 from the Kansas Agric. top. Sm.
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T.M, Zobeck and W.F, Srhi1iinger edisnrs, © 2010. SSSA, 6775. Segne Rd., Madison, WI 53711, USA.
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important because cornpetit ion for fresh uter.: ff j’oromdw an m’s ingic

im.poi.t.ant issu.e among nations, geograph.icai regions, and segments of soci.

ets including agricultural, urban, indust.i.ia.l. and recrea.tional users (Un.ger

and f-lowell, i999), This is a major issue in some reo.ns where th.e supply is

aricuitu cc tor at a bie upoliet K hnet ai., PtiOP; Envy, APP: Rth

fed-ar, 200 Ii. Write r conservation is also mor aportal.rt than ever because of

the increasi.ng ai.riount needed to produce the food, .fiher, and fuel for the ever

increasin.g world population.

Research on water conservr.tlon for a.g.ricu lture has been extensive through-
— + _n -n

and it state. federa 1, and prtvate research (ricO Pies. 1 he- 19W LSDA Pearbool’,

cntains a 1St 01 Apr:cu Itura) Experiment Stations in the Un ted Otates. Their

bocations, Directors, and Priiac.i.pai Lines of Work” (Uff.)A, 1909), The list idenh.

fies the ma.in experi.rnent station i.n the different sta.tes, hut outiyi.ng experiment

station.s were also established at which. agronomic research. was conducted. in
,n
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is a f-tv factor where these entities. meet—- that is, water is es-entai ior plant’-

grown in soPs. While water conserva.ton and use mae not have been the direct

object of the ag.ron.omic research and, therefore, was not reported., water undoubt

cdlv affected the results in many cases,

F any USDA research n olving water in soils or ton agriculture was con

ducted by scientists in the Bureau of Soils and the Bureau of Plant Industry

iTanda and \imrno, 2003). Br 1914, the USDA Division of Drvland Acriculture

had established 22 drvland experiment stations in the Great Plains ,Burnett et

aL, 1985). The initial research at these stations focused on evaluating crops and

crop varieties for suitabili.ty to a given area, The vagaries’ of climate and poten.

tia.l tor erosion on many soils were recogni?ed, and the research was .hrected
1 1

and moxnn e- drv:and crop nroduncturn The esearcn litton 11 05 net n’ll water

conscrvatjon and uuiiy was not reporteu c ‘mob. hut wl.en erosio nOn con

trol led, water conservation, often .is ach.ieved through i..mproved plant ‘rore’th

and reduced. runoff, Also, although this resea rch was conducted at dryl.and s.ta-

hone, the results obtained often, were applicable to ral .nfe.d agricu,iture at more

vi.auai observa.tions and mr.nagenie.-r. I stratt:p:es to acneve w :ner conservati.on

un.cter various cor.d.iti.ons,

Ou.r ohiectives were to revieve progress that h.as he.en m.ade .i.n. our u.n.der
1 —
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and a.ch.ieving greater or m are reliable crop production.



Primary Areas of Water Conservation
The rircipas of water conservation for acriculture are the same vhether crop •pro—

j r 0 id at I tA b a

and osed hia nrduein a deu able tie-id. P1050 pi inrtlpiar’ have hat-:.

O\ jr9 1 —

and jr’niieai nractices. attecl water cons =atto’ Lean

Water Capture
ft

ri-nt tSr- ‘a atm ,te’’S ,‘d tam nmcipttation At that tim

tnoueh thie quotation pertatned to rv rarminaa th tnorrnatlon St

iv was applicable mc’ roost agrjcu turt at :hat time.
tyater capture the irst step in water conservation, and chaw t l°l It go’

moted more frequent and deeper plowing, believing that it would icra’ase’,vatr’r
storage in soil Frequent plowing resulted in the surface being devoid ot plant
residues, and soil crusting after rains was common, Plowing disrupted the crust
and possibly reduced runoff at the next rain, hut each plowing undoubted lv fur
ther aggravated the crusting problem In the U4lited States, emphasis on plowing
to achieve water capture was largely a carryover from practices that settlers had
used in th.eir home w.auntries. Plowin.g also was the primary m.ethod. of weed con

trol at that time.

nfiftraton
Frequent and derip plowmng as proposed by Sha.w (1911) had potential. for cap.-
turin.g and. stori.ng water, provi.d.ed. the soil surfa.ce was adequ.ateiy stable to
avoi.d. aggregate di..sintegration, surface sea.ling, and excessive runoff, thus result
ing in favorable water in.filtra.tion into soil, Rainfall energy strongly influences
Igyraga e a Ispcr’oo d surface sealing th mba alto strongla iafluecirg rf
tration (Eigyl and \4we 1983; Gi.mdnez et a.l., 1992; Loch, 1989) Bare sod surfaces
resuitirg from frec.ient and deep pl.owing as proposed by Shave (1911) were
unuroReLd hIm ‘a p ,t and entrga ot a°ing m ndrops ashich dim ml
s sbgrtt,ah ore a h ndoabtr dl led to ms’rie ad ,niltrstio a d Sin a

I it’ ‘-oP ma ar us tat pent arate to idea 0 ste h’ tls’
stoC R e Cr i Is nI a sa it \ie r leat R ihut on n -r t I

penetration to depths belt tsr t.he so rtace. layer, is part of th.e infiltration, process.
Irhaterin filtrat i..c’n . to soil is a complex process th.at in.vol.ves sato rated a oP

ri P s_ n ‘laa unsaturoed fin’ p It

hvthe attracul.ran. of water it’ dry soil particles and. the S.uriac’ tens.ion
o ater held in the spaem between the particles Gravity and soil ,ltitr’ en ntent also



u nsauraten attn tim Ihi ltd. eusSi. Water 9 tw ifl soil wres din’ Ic srface

:un s kno it tie tI 1 n, alreds r c ,,u ted i 15 iry l9Otls I

s and Md at (1Q07) ii d Sm kingham t190Th Unsaturated w dominatr

iniltrat n as long o th appl att m “ate ft g pre u tat on rare) 1os o t eSt cC

water pondingon the surface. When the. apphcation rate exceeds the un.saturated

flow rate, saturated flow becomes d.ominan.t, Saturated, flow is dominant unless

wale .r a.plication (e.g. pi.’ecipitation) it. of low intensits’ or short d.uration, or for

cm r.se textu red eel n wi’ I is water lintel s raid d I Saver, ‘1.9551.

he loosened ‘ di resuutinc rem Irersueni aun deep plow tug as monsoted

it s i’. P ct. ii

a” 11 I

lecordin 1- (orIon i’iQ3d. sell surface windit “us. nalne\ at the

soil con. tact interface, main.l.y guvern.s the infiltrati.un rate. Water movement at

depths below the surface, h.owever, also is important with respect to in.filt.ra

Con (Favei, 1956; Hi.l.lel., 1.998; Pi..il ip, 1969; Taylor and d.sh,croft, ‘1972; van. Bave.i

and Hanks, 1983). Su.rface. conditions in.fluencin.g infiltration. i.nclud.e soil texture,

aggregate size and stability, and. water con.tent. Subsurface con.d.itions influ.encing

infiltration include soil texture, veater content, s;tructural stab•i litu and. horizon

characteristics. These nfluence infiltration through their effect on unsaturated
t r’

water pondtng tin the surface, entrapped atr n Cud pores can alst’ reduce infiltra
tsn F ‘tr’ 1 -‘

waiter c nt.Iitions can be reatlv enhanced when channels termed hr Sot fauna

(e.g., worms, inects, spiders, etci and decayed roots are open to the surface

(Cochran et aid 1994; Kladivko, 1993).

Surface Residues
Plowing to “turn under” grasses was used by settlers in the late ISOOs and early

1900s to prepare land for crops in the drier regions of the country (e.g., the Great

H iin 51g 1-1 1 tiall with h er ble preupit’ti in such ph ‘a n pros d a
S e, “3 Ic

Fig. 1—1. Tillage to “turn under” grasses in preparation for field crop production by
early settlers in the Great Plains. Photo: PanhandlePlains Museum. Canyon. TX.



aaPn ar the land that accu red ring tht d reult ot the hrffrcd:g. I Thc
reom n:t t1rctd va trmd tb [To: LoT d3mtu’tt, [s t.oRr th.
chanter. oe use thu bhl cienso hocietv ut .\mcrica J5Lc--\. [Phil duhuition

or compete nuerston at depths usually greater than 21) cm)
The devastating c.onditions of: the Dust Bowl era led to major landsose

ch.anges where t.he potential for e.rosion. by wind exi.sted.., wit.h. the rer.lization.
that crop r sidues .otained on soil were highly effective for controilno erosion..
Su.t. face res id.ues also provided water conservation benefits, with Dulev and. Ru.s

c

‘Tv

Fig. 12. (Top) An approaching dust cIoud during the severe drought of the 1930s
in the southern Great Plains. (Bottom) Land devastation caused by severe erosion by
wind during the drought of the 1930s. Photos: (top) USDA4’JRCS; (bottom) USDA.



(1939) being; a ning the first to recognize th.osc be.n.efits. \t L.nc in,NE, 34

of rainìfall was stn.’d with 4,5 Mg ha of fiat straw on the soil surface, 34% with

straw incorporated into soi.l, an.d 20%. with a ba.re surface treatment, Maintain—

g surho or u t tnd d g w R tin a icr the a as h ti am aer

considered niaior ontnibutors to ncrcaled asator capture [‘ales azn Kelly 1030;

a S “a I

ace prouIe crviroctcro’ic—,

The value ho resi.dues to rprotectiilg sur.tace aceregates versus their value for

reducin.gsvater flow across the surface asas demonstrated by Borst and Woodburn

(1942). in their experiment, plant residues at 4 %g hac were s spended on a screen

25 mm above the s;urface or placed d.i.rectiy on soil. Runoff of applied water equaled
I-

I, 0 I_
111 ,l I cli I’

1

rupact on scat a reates ma< more important than hvsiai hiockin o ‘water

across the Surtace tiraOnser\’;iis; water. The- percentages tor the trvi re, ue treat;

n’ients, however, differed. only sl.ightls and flow blocking as considered by Du.ley

and Russei (1939 certainly also was mportant for izonserving water,

When benefits; of surface residues for con.serving soil and. water first became

apparent, few tools and techn. iues were available for producing crops under su r—

a ‘‘- ‘a l a ‘0 ho r 1 I

impiement wtn a ui-c rn--sc alec noel point to aPr the so,i inn reta:n plant ml-

,dues en the surface, He used the implement, is Inch he railed a ‘hull tongue

scooter, in an attempt to mimic the surface cover conditions he observed in

a forest on his steeply sloping farm, This method of tillage became known as

stuhhle—tnu?chthrminp, with that designation being attributed to Dr. H.H, Bennett

(Barnett, 1q87), Stubble—mulch farming often was (and sometimes still is) referred

to as ‘trash farming” by those who behttled that method of tillage. but it is a

hihls nn rt ii i i fit a Ii r or”I a i m sOil nd r impire a 101

tions where clean til age tie., residue” plowed unde rtisptractced.

Stubble—Mukh TiHage
.tubbie—’mulch tiliage (Fig. 1—3) quickly becanre a recommended conservation

practice when, the value of keeping the surface covored. was; recognized. The ai rn

was to keep the sr’,j covered as much of the time as practical to reati reduce

runoff and crew on. mien tijiaga as as the torerunui’r of tociac c no-t;l ,agt- rue

mu a! L grass IL 1 ii 5O It i dO 1 same r 1 1 ps w ho- 0ood L

to achieve soil and water con.servation benefits, Th.e clove.r wa.s partiaiiy p-iowed

out- in. spring to achieve tilled ccrn.tour strips on rch.ich. b.c lanted row crops. A

sRi I It CIII 15 m a 1 ta a crop o AIr i — ph ut a r

d1
C

contour—balk m ‘ lv,d was competiti.on for water between clover arid plants;

crops (1-i.endnickson, 1939).

U”c stubble mulehtu i0ea asp sores15 win ‘o’sontrilhogenuairi

be syind, ‘i.v’hich wa; r;evei.e sin ring the ci nought of he 1930s. At th.at time, the firr;.t:

odi for ol tape was to prl)\idt’ a cic’dda surface ct slop ongoing i-oil movement



Fig. 1-3. (Top) Stubble mulch tillage being performed after harvest of winter wheat.
(-Bottoml A sweep on a stubble mulch tiliage mpiement (stubbie mulch tillage imple
menU may also have blades instead of sweeps to undercut the soil surface).

by wind. A. •second. goal was use oi sh.allox.v ti.ilage to control weeds and retain
plant residues nia the su.rface t.o protect the soil from ercacon.. A ih.trd goal was
to reta n sri rices resioues:. io reduce- runolt, reduce evsotrratiue Sm \saeSS losses.

sflser\ a mo-re a s-tar Tar rh.e toijo lay crup. Venous shseL blade, and wvee p
xnp:ame-nts ware dt’alup.-d to aehla e these yoao Alien- and FeuNter. luhur
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j:Thonas 1.985; Vvn et aL, 199$), ecofailow (Allernan, 1982; Greb, 192$; Wicks et
al., 1921.1, chemical falh.w enster et a 1, 1961; Wie’se et al., 1d625 and coos rvw

j S r ‘i s i r1’\ l
L b1 1 t i

of: soil and water; operationally a tilllage o•r tdiage and planting comhin•.ation
which leaves a 30’%, or •greabi’r cover of c.rop residue on the so. rface” l5S2$, 21161)..
Lrocidcd the indicaeJ .5fl,, erg o’ res;Lloos rimaro on the surfaces all the shot

t -1 1 i
0

is notiUagc, which is “a procedure whereby a rap is planted. d.irectlv into the soil
ith r prir nrc ir cer tnda c t 11 tyc ‘i cc h ir nsf it tht e ion-, rap nua x

a specral pLanter is necr-ssar\ to prepare a narrow, shallots ser’dbeci mrnedrateiv
i.t

l, it ‘42d’ ‘ a F
imc. a. residue a..n.)un;.ts; rem thornby potentially providin.g cnaxicnnm soil and
water ....5aset.,atir)o benefits

N o-T II age
NoUiliage farming h..as been ns.ed for centuries, For exam.ple, Incas in. South
America. planted. crops withoo.t tiliage by making a. hole i.n soil with a stick, poP

5 3 Mi I ,i ifld e F tnei I 1t1p Si

siocelonnent of eHectic c herhcrdes through thc roars encouraged rod ocers ta

adopt the practice of no-tillage crop production. It achieved a major boost when
para.quat [L1’-dimethyh(4,4’-hipvddininm)] was developed in the United King
dom in 1956 [)erpsch 19981.

Fig. 1-4. (Left) No-tillage grain sorghum after winter wheat under wheat—sorghum
fallow crop rotation conditions. (Right) Grain sorghum approaching maturity under
no-tillage conditions as at left. Note the residues from the previous wheat crop remain
ing on the surface in both photos.
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has improved water infi.ltration and conserva.tion und.er some conditions. Deep
loosening of soil by plowing. vr.rticai muich.ing, or p.rofile modification received
considerable interest startine in the 1960s. Use of th.esepra.ctft es improved water
:apture and or use on lowd permeable. oellin c Inc ‘ui a Allen et at. 199-i.
995; Bjrrn[t ]%9; Burnett and Iiauwr l9ft2 Burnett et al 1974; [Uk and Taylor.
1’ and Taylor. 1954; Musick ct at.. 1981. Dup ttlowmu or profile

Brad;ord and Blanchar 19771.. a shallow cisc lions Creb. 19771. cusrc
surface nia1erais underlain isv a heavy clay hillier and Anratad, 19721, hard-set
ting’properties (Mead and Chan, 1988), a claypan (Fehrenbacher et aL, 1958). or
saline conditions (Bowser and Cairns, 1967; Harker et aL, ‘1977; Travis et al,, If 90).
Soii.s having a hardpan, plow pan, indurated horizon, or other compacted con
d.ition reiativs;lv near the surface usually can be improved with respect to water
captor by a less intensive operation such as subsoilin.g. chseiing, ripping, or
g ir splo B iumharcu 1 1° 0 Mu 1 11 201tt \Le soLes
\lukhtsr et ‘1985 Pikul ‘‘ 1992. 1999: Steppuhn ct ai. 1993). Thew upc rn—

0 ‘in I u cC so 711 norms II ,e I

i.., he aj r ;n. ‘1e 5’l

The abuse practices improved ivater capture isv incre’asInC infiltration ‘i

iwut iw I Cml Oi \e S snc mtw
open’ at the curface to allow isater to readily enter it, Use of deep tillage or profile
mnodstication is approprlate only whe.n a known. adverse soil condition is presen.t
(Linger, 1979). Likewise, subsoiling, chiseling, ripping, or paraplowing are appro
priate only when a known adverse condition is present. When profile conditions
exist that adversely affect water infiltration and crop production, deep plowing or
profile rnoditscation mar’ be appropriate if the resulting benefits are long-lasting
because performing tho operations a cost lv. For example, the benetits of deep
loosening Pullman day loam were ctill observed after more than 20 yr. Irrigation
water (240 mm) infiltrated an unmodified Pullman profile in 28.6 Ii as compared
with 8.4 and 53 h for profiles modified In 09- and 1,5-rn depths respertlvl.’lv. 26

‘a em I I ‘- C i— On fl G[ or I ‘C. ti F ‘pin ‘in I

0,8 m d.eep in 1966 was still effective for increasing irrigation water infi.ltration for
winter wh.eat crops from 19 ).i to 1.992 after loosening the surfa.ce layer to a ft2-m.
depth (Allen et aL, 1.995). A.lso, infiltration was still greater in 2005 for Pullman
soil plowed 0,7 m.. deep in 1.971. than for soil ‘not deeply plowed (Baumls.ardt et aL,
2008). Th.e cont.inued, benefits udicate that the high cost of deep plowing Pullman
soil can. be recovered with ti me.

Soil Surfae Alterations

ii ‘s rca ;.i cc ire so .t’r ri I5’. t sins. o’a’r’’u’i aSia ii 1.515 . nil 5555100 55 Sr. it
5, 51” 4,,, —, I I ii

or by i..iterinc the: soil su.rtace.

Lon.ger water reten.tion on the surface, can he. achieved by a vari.ety oil rac
tices - These ran.gy from c:han.ging tiliag:e dirc.ction relative to slope of the la.ncl to
mu1or pcrafl ns such as Fsor Icing sod land seling Li gso 2009)

The mo.s.t basic practice for reducin.g the mun.o.ff rate is :ru0iur tilhi.sc,’e (Jan ick,
25921 ss hit h I oh o, till ii wros” Iperpt rd IS ul r toj thi sh t land (Fe,, I 71
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Contour tiiiage has a ion.g hi.storv. and was pmmoted initially for contn.)ilin.g uro

non. b water (Ben.nstt. 1939) its water rstsnt:on •benefits are rncrsassnl by using

— -1

its ettectiveness ucncraliv ureatle decreases alter crops arc pianteciur ultvated

F9 1-5. (Top) cotton growing under contourtillage conditions (Bottom) Water
retained on ridgetilled, furrowdiked land under contour-tillage conditions. Photo:
OS. Jones, USDA-ARS, Bus hiand, TX



(Bennett, 1939). Use of reduced tillage along with effective herbicides, which is
now possible, should help maintain the effectiveness of lister tillage for a longer
tinw Wh n used in onurction ih sont urlrn_ l’tei iliy tk t l t
water on the land. l-loxvever. because it is a type of clean tllage, soil aggregate dis
persion and surtace sealing may occur due to raindrop impact. thus resulting n
water ponding in the furrows, As a result, much ot the retained water may evapo
rate rather than infiltrate into some soils.

Contour ti1iae is t’e,t suited far use on nentlv siopnu land. A variation af
contour ft ilage that can he used on somewhat more stecttlv slopinc land is

C - hr tr ps ou 3 r , sop tw ii tt t

contou.r (Fig. 1—6). Sod strips with thei.r h.igh absorptive capacity help sl.ow runoff
(janic.k, 2(102). This practice probably was brougli.t to the United States by farmers
from Europe (Bennett, 1939i.

on 50115 htu an extremely uniform siope, It a. dtfhetiit to a nifortnlv
retain water throughout: the length of lister fu.rrows. More uniform water reten
ti.on. is ohtai.ned by using furrow diking (a.iso known as furrow dam.rning, basin
till e ba list I rUr or a soba n ftl we) as tg v 1 1 ridA I a

— 5 2 5 F

Ala i’kH kId K A. sh as 51t a .. I A.I6i.
Currow diking was orlginaliv used in. the United States in the 1930s. but was

x hdo—eu b Fhs 1930c becaase of sI w ‘ perati a of iUng c u pm at
pa. u eec c aft d s r pvrr lag tutor ofler i m ud I U

F ‘WI rid IlFAid ‘u.l Cesame 1’. di table. Fst7iC,F ed us
u.sedurinc the snip growing season rath.er titan, mainly du no.5 fit flow before crop
planting and, in tu.rn., to improved, water conservation a.nd crop vieid.s (Clark and
Ton s IkIl Cerard et al 1993 1194 Jo! cs tad CI trls l9’t ki isbn t U

Fig. 1—6. Strip tillage is being used in some fields in the photo.
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Fig. 17. (Top) Water retained on land where furrows are diked and flowing from land

from undiked furrows (instrument measures runoff from undiked furrows) (photo

source: OR. JOPCS, USDAARS, Bushland, TX). (Bottom) A furrowdiking implement.

her ose of on on dahe turro diki sg or my tr mp o dot’ no ads

qoatel.v cx.mt ol ro.s.aott scwne major soil so.rldce altera.ti.ons m.av he rego.ired to

ash the des.. red : con sent ci i1:id;;ib tee is. the sri st Id sir re

races is leveled. This is an ancien.t practice not widely simS in the United States,

m.ainly becanse of the high. cost of l.and leveling. Cencenyatiiji:.t herds ternises: (CBTs),

I n 5 U I Pitt S ‘rat c ‘r lulls k I ,_ n1s ortioo cii land I stn P



ad)acent termces (Hauser and Zinyg, 1959: Zingg and Hausep 1939). At Brishland,
—:r erampie univ the lower one-i hi rd of thei nterval between terraces, wa leveled.
Ruww from the unleveled waterciied) a rca at eraied 73 mm and was eaturt’d
on thu Dr i-led are a. With th 2:1 Perched, hers N area ratio, runoi2 along o th
preciPitation reta.ined on the be.nch resulted. in an average of 84 mm more water
available on bench than on watershed area.s. The additional water m.a.de annual
en nu bI her us t is mOe a 01 lii

een cur erosive crops. h’orrce r tsr ion bench Ic rraee havi on ‘a ru water
shed bench area rat iiO ha e been evaluated at’wveral ocationc ;Armbrust ,iuj
4keich, 1966: Cox, it) 6$; Hauser and Cop ‘l 962; MC kelson., 1968). Effectiveness of
CBTs with different ratios depended. on the potential for ru.noff and the i.n.fi.ltra
tion and. water holding capacity or the different soils, Beca.use l an.d leveling N

width of tulane equipment. thus decreasing the o,ct of let ulrnp.
b of gradual and ievri terrares inareases coil crater storage reiat:ve to mat

achieved. v ithout terracing (Dickson et al., 1940; Finns 0, 1944). ‘Use of level tea
races with blocked ends In conjunction with. contou.r tillage was especiaih’

c it a N rca in a r s r r ([ rnrft 2 r l eM rt r
>040- Fisher and Burnett, t°’3i. hut water had to he drained rroni terrace’s urn

I ‘, I o a u - t r 41 ,_1 7
th.at using openwnd level or graded terraces resulted in sim.i.lar rop yields and,
therefore, suggested using opemend level terraces, th.us avoiding the need for
drainage and for constructing high terrace ridges to retain large volumes of water.
Ls of ,r’idt I tr r r ar ilon a lb iralr 2 turr n a c r in itt th or ru
conserve soil and water I Flauser et al., 1902; Richardson, 1073).

Water har ested from land unsuitable for crops can Improve crop production
on nearby lands, For example, constructing level pans in broad natural water—
ways and intercepting and spreading runoff water that normally flowed through
them resulted in soil water contents at grain sorcthum planting time being 96mm
p r P i I tt1e. I- i C U ‘ml EU p

sp.i plantrng time, the increase on leveled areas was 3$- mm. IP both
cases, viel.ds we.re preater on. leveled areas. Although water harvesting resu.lta
in greater soil water conte.nts and crop yields, it is applica.ble to relatively small
areas and. has n.ot been widely adopted for gen.era i crop production pu.rposes.

Snow Management
-g cipnifi.cant omen of precIpitation i.n north.emu regions is tierirea tram snocv.
Where water is limited, as, Mr example, in the Great Plains, the Pac.ific Northwest.
and the Canadian Prairie Provi.nces, managemen.t to capture snow a.nd snow’melt

b 1w rtin tb r at a Cr I Mr r 2

ibt ad h ‘-‘i -, ridi, , op r idues i g ppm6 lot e tgra’. 110 r
pyruiu ponticum (Podp.) Barkworth & D,R., Dewey) ba.rrierc wheat stubble strips,
or artificial harriers (Aase e.t al,, 1176; Campbell et aL, 1.992.; Greh, 1917, ‘191.1(1; Greb
anal iriaek i”P 1: Maui- and Ci’manasvk. Pet) Mc(.’enber- et a; iqud Nielsen lOPS:

C a a I r
imprilt ed ivater capture from cnorvmelt on frozen cOilS1[’tkul et al. i99u; Zu,ei and
Piku], 1987), hut ripping a dry pulverized soil provided little benefit with regard to
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improvhut snowmeit infiltration l’ikul et al. 109hj, Pse o clot mulehine, which

censtste-d oi packing crop rc”:dues Situ 2thcm wide and 70- ti 75-cm deep trent hes

spaced 15 m apart on. the cont.ou.z., redu.ced ru.nofr from f±oz.en soil compared with

that from a no-tiilape, nomslohc’dwheat stubble area iSa.xt.on et al. 1981).

Irrigation Method
tn. general.. practices effective br cuptur ng water trora prc.’cpctat io•n. arc eective

also fer capturing irrigation •water irrigation methods, however, may strorelv

influence tile amount of applied water that i.nfiltrates the s .il,

iii ‘‘ n r c ccc kLr n

pr I a dl -o rp u a i “ii a

tion of these m. e thod s (Howell and Evett, 200. When using flooding or fu.rrow

rrgatcon, soil permeability and water apphcation rate and do ration must he

enniddered to cc hier e max imom capture of applied wa.teo On moderatetc and

jiir c’ -0-1 ti Lilt t P w .4’ lt

intc’nded. area in a relatively short time. Ke.naper et al. (1988) used surge: irrigation.

to reduce excessive infiltration into a silty loam., Snipe irri,pctian is “a surface irrh

0 I r S m in 0 tn so t ii M r I torn! 1 rt heir wsi

n Utci n note ,
,,-,

ccc. O’ii l Cr ‘r i iti it

and longer time” are used on slowly peroaeahie sods, hut ii rigation cfficiences

may be low with furrow irrigation und.c’r some conditions (Mu.sick ci aL, 1988).

Furrnsv irrigation was dominant in the Texas High. Plain.s until 1974. when its use

began to decline. Sprinkler irrigation became dominant in the region alter 079

(Musick et a!., 198$). Sprinkler IrrigatIon has been dominant in other regions for

many years,

With sprinklers, water is applied either with high, medium, or low pres

sure equipment with varous arrangements of the equipment that affect the area

Fig. 14, Water being applied to ridg&tilled, furrow-’diked land under Low Energy Pre
cision Application (LEPA) conditions.
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covered and how water impactc the soil surlace (I owcll and Evett, 2005s \ dw
advantage of using high pressure equipment is high evaporative loss of water
under some cond.itions, Spray losses in Kansas were 120 in i9O and 79% in 198

“5 p C — i,. h
sues are reduced he uP ng on pressure sr stemy but because water applied

to a smalie.r area, ru noff may be greater from slowly permeable soils. Use of the
LLPA.svstena essentially elinsina.tes runoff and. spray losses when used. along

I (_ 1 1 ii
-

I \j’ ri I_i -, I S Ir h i”

11 1 1 10 CII I) if a )su 1 e I hr r SC ifo 9
Spray and runoff loses a.re eliminated by using surface or suhsu.rface d.rip i,rri
p it m rwthor s but pen lition lows mm he hfoh if r SO 0 iti coi t i’

Motor transport lossc are possible rron the n ater ‘wu rce to where- itis used
und.er irri.gated cond iCons. Los‘ses may be especially high from unlined. ch.anneis
due to seepage and where phreatophytes extra.ct water from irrigation channels.

‘-F ,,*p’i- I r P xiv in i 11

I ‘ 1 v° I ow ii 1 Lw, u”i r i,iP t ,,r ‘— S
Li iTs ILl h dir vOw ir r r un0 o Ott r t anspott b ises t ths point ow

tributi.on, u.se of ga.ted pipss (aluminum, PVC, or flexible materials) can further
reduce losses lUnger and Howell, 1999).

Mulching
Mulching is an ancient practice, “perhaps as old as agriculture itself” (Jacks et
al., 1955). It affects water conservation through water capture and retention, With
respect to water capture, mulches protect the coil surfoce agaInst raindrop mpact
tI r rt h minimizing ig0rr g itt lispersion md u rtivi ss 11mm, i[ i h 99 Ii
porous, such mulches allow direct water infiltration into Soil or retard water ilou
across the surface, thereby providing more time for infiltration,

Many different materials have been used as mulches (Bennett, 1939; Bilhro
anti Frvrear P51 Tacks et al.. 1035: Llm’gep .1995). Mulches of crop residue” arid

I I’•
—,

sijpium /:n-sutrnn. ‘U] pin trash, woodchi.ps, and sawdust) are inexpen.sive, often.
readily ava.ilahie, and p.orous, thus allowing water to readily’ enter soils, Oth.er
porous materials used a mulch are gravel, rocks, coaL bitumen and similar crap
uiar materials. Lnger. (097’, In generaL mr1lcn etiectiveness for ncreilsi1ig ater
capture increases with. the a.mount on the so I surface (.Adan,s. 1969; C reb, 1979;
Mannering and Meyer, 1963; Moody et al,, 1963; Unger, 1978, 1997).

Plastic. fi.l.m mulches arc used extensively loran ricult r.ral eros in
C

r “ I S -,

Their noain. benefit with. respect to water conserva.tion is reduced, evaporation, hut
thee du provide wate’r capture benefits if pre-vi.sicrns exist for water to en.ter the

I, r water bee arise ((rev eStect 1 ‘‘el v con Ire reed a, Ho a’ 0e” of petrol cr1
rc’duct.a ia.spha it sprays and resins) improve water capture when un.treated sites

exist for water to. readily infiltrate soils,
Rapd charneli ig of water nto sw i is mheved by vertical mulching. n sub

‘pmovdes a slot n soil I ilied with crop residues (or other porous mate’ rials) that 5.
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open to the surface. Use of vertical mulch.intt suhstanti.aIlv increased. soil water

toraiu ‘no te 4 l’ under Some cend it Os Fal rhenmo s ml Ga rdnsr. luSS

b ndt / I i I ,r ‘ht -,

between slots, treating the zon.e between slots with oil, or instsslling check d.a.ms

is furrows was important for achieving n•axi mona water capture lUnger, 1995). A

am s’r n Im n r

been sh’s n cv reduce rund trios ii- n’’n so rosters er ol. ‘l’-’Sl’t.

Fallowing

t’ractised to .ncmnace aoil ater tora.re mm the sucecedine crop. I laas e-t a!, di%74o)

defined summer fallowing”as a farming pra.ctice wherein .no crop is grown and a.!l

plant growth is controlled by cultivation or chemicals during a season when. a crop

rmtl rs -

ir S

in antit’ipatlcn of at east a artia’ I crsasr-’in pmoduettun ‘or the next crop

Although widely used for many neary, following has long been a contro

versial practice because, with, respect to water conservation, it often results in

m ra
0 -‘--“

i I il

174; Johnson ct ci i9’4: Uniter, 10727 This is es eciallv the ease during the sec

ond su,mnaer of the fal low period in a wheat—fallow (F\7’r:> system (Farahani et aS,

1998>. In addition, yields usually are not doubled, thereby not compensating for

k r, r p n r P-I s 1 d°’41 hr is l -

cmliv by is nd, usualir is greater on tallowed areas because must crop residues.

are destroyed where frequent tillage is used for weed control during the fallow

period (Haas et aS, 1974a). Winter wheat—fallow, however, is still by far the most

stable and profitable cropping system in sonic regions as, for example, in the loss’

precipitation region of the LS. Inland Pacific \orthwest t-V.F, Schillinger, per

sonal comm unication, 200$i.

Low water storage efficiency with fallow has received considerable attention

as tb Sec ect to t;iia’e methods and crooring avsts’nas used, For example. water

torarte eificien with the WV s’sstena at several central Great Pci ns I”cati,n’

averaged. lAd with shallow til.lage and harrowing arrd. 39%. wi.t.h Ia! I weed control.

in coinhi.nation with stuhhle-mu.lch t.ii loge (Greb et aS, ‘.1974). At Bush.iand, st’or

i,t ti it °“ \\t ct a S sk 1 iii

with stuhbie-nauiah tiliage iohnson and Des is, 072>. Water stomnee ef’flciens.iex

t’vpi.callv are l.ower in southern regions isouthern and central is, mat Flail es) than

in. n.orthern regions (northern Great Plains and ((anad hen Prairies) (U’n.ger and
4 0 s f — r t s i

As compared with tl”te 171” system stat i.nvol.v’e’s about 1,5 n a or tallow between

successive crops (Fig. 1—9’), the wheat—grain sorghum—fall.ow (107SF) system re.suits

in abru t ‘I’! me 1 Ia’! I. ow ‘bet moor success’iva’ crone and results in I ceo “ra’iss in

(‘Fin. ‘l-A. the: a U-er st ala” under ilra’[and nono tins I mao Is’i’lao ituhine-inu .ch

ti.i.lage a.t Beshi.a.nd, ma (or storage efficiency teas .9 wit S. the ‘145 sa’ste.ni and’. 1.44’>

for wheat a’nd. 1.4% f”or grain sorghur’. with the ‘WSF system lUnger, 1.972). For a

VhS’S s hide at ho al’s Ia us), wheat at race’ a V a,s s bc U on Pa. ‘11 roan s’lp.s’ learn at raa tea

a I

formed d.ur ng the fallow period. Wa,ter storage do ring the period, between wheat

harvest and sorghum planting averaged. 4.6% with 12 l.’Ig liai straw an.d 23%



Fig. 1-9. Illustrations of (A>
annual wheat, (B) wheat—fal
low (one crop in 2 yr), and (C)
wheat—sorghum—fallow (two
crops in 3 yr) cropping systems.
Illustrations provided by R.L
Baumhardt, USDA-ARS, Bush-
land, TX.

without straw, Grain, yields of sorghu’.m planted the spring after wheat harvest
crimo4flanhlu \Tghs fi ths rsp tim cs iwn P mm HSl

a iudv at Bush and nro!’:]-w rrcat’,ro ht .wd J r:;Ird cr: In
sorghu..m, water storage efficienci.es during fallow after wheat were 35G wi.t.h ow
rlllag( and 15 s Itn disk tillsg Dr lam gri cor,,h im ihr f1u rw v 1usd 3 1

I hi ‘, ,
1 \ 1 15 - ck I

attriButed niatuiv to the rcatcr cwihr-r sturagn with no- tiiiagu (L:nrier and XVnse.
•.1979). Jones and John son (1983) considered. alternate irrigated--dryland cropping

‘-tsr is ipsros ats r tI Tra sr ir so wca cc rhn n0 a 1tt’ coop cS

l cpp I I iS

ping system i’n. th.e central Great Plains avoids iong fallow periods arid resu.lts in
c up’- 0 (1 rd cI hi a B C ii

—

o tr whoa t-- is low it wnsropa. n 3 rI: oras r Cu irs [,.ush. s:us I
11: ii 115u I 0 0 at pr1 is a — rn 1ias Pici cc i

prIm ii iv at—c ots r sht aiSc intlor r r ( I ‘on mi i a I sp ng hm in

t cd Buck IbBi, BC, K It d aks 199h Lnmr and iil 1 th tnmehy rtduc
ing the length (it tallow periods. Peterson and Wesitall (2004) demonstrated that

A

B

C



IncreasIng cropping trcquelnv rrcasi the propurtlon or tailuw months that

Os I Lii y5 I I 0

cienc.y was h.i.ghest and dramatically decreased the proportion of fallow months

that occurred in the second surnnrer of the fallow period when no precipi.tation

stem a orl water.

in gen,ral. vater it ragecthcence ncrea’e tb decrease in length ur

lowodtorage efficien.cy gen.era.llv increases also with decreases in ti.ilagc i.ntensity

as with stubbiem.ulch till.age and especially notillage, which. result in retaining

rn ne crop residr es a the s u rtac:e. Un ng red riced t. I age method .s C at. i. ncrea

soil water storage sad increasing cropping nicnsit’ hr aroo’rug

spring and summer crops bess dependence on. fallow) to more effir antis use

stored water are means by which producers ca.n enhance their profita,bility (Flaw

tin and Scirlegel,, 199T.

Other Water Capture Practices
Thn morn,,e do practiew ard wnd ion in. in v”cn r a r cmo c p ncr

ally h.ave been exten.sively researched, and niany of them are widely applicable
ii , 1d II I wj

vide water capture benefits No Ccv are presented hrieflv

Chain dik rig results .i.n a b.road.cast pa.ttemn of iCc.mwieep diamondshaped

basins when used on soil loosen.ed with a chisel, disk, or drill (Fig. lCd). Th.e

basins hare little or no effect on subsequent farming operatIons.. The biker (Fig.

1—idi, which consists of specially shaped blades resided to a Lire ship.anchur

charn, requires little maintenance and pulling power. Tire basins help rctarr

water on land, and wheat grain yields were 29 and 2,6 Mg ha on biked and

nondiked areas, respectively (Wiedemann and Smallacombe, 1989). Chain diking

also resulted in a threciold rncrease in grass densities on rangeland as compared

wrth that achieved on nondrked areas,

The surface of some soils is highly unstable, and runott commonly occurs

if the soils are not protected by residues or appropriate run.off con.trol practices.

‘Runoffunder field conditions in Israel was reduced isfold as compared with that

1 1 —,
I

ridged inn I iragasni it a ,, 199.9). C herr i’fC a .0 Fl C ied to

loam, run.off was less than from untme.ated bare soil, hut greater th.an. w it.h 2.2 RIg

ha° of wheat straw on th.e surface (Benvamini and. Unger, 1984),

1 I ‘0.

L 1,5

at 1 kg I pe Irrig Plon rhe noe1 97 he pp0 u I p in of

o at r Re’ and aterat nhlt atio was icw reed by using toe tw tnir iw grub

shiv because of hissed irnent’moo ‘rneo I and s’s rUse seaL no II - sntz ci. C.. 002’

irou.t et ‘“‘-‘‘ .0 0.50 nato’ ireslruer,r ill oii’o r,’5i1Jr,” md

produced p rca P r iron. en 000 no. iar or nOr itra thin, en hancenments

ida ras 0 e I r odors do’ n II t iflin B’ r oerg 201, i or “mo rot 0Iplv

inc RAbbi in irrigation water, however, decreased, infiltration at all coneen.trations

study in Peru with contour hedges 4 m apart, average annual water conservation.

ma’- 2F7 mnr pm ate” ith Jo dUe thin rherr rice ‘Orqaa sIn I ‘ md my ma
I ‘I i\ p o’r -, i rot itir ii iC 1 1gc Soil
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was rePuceci 7.3 Mg ha annually. Crop yields were not increased in part beca.usc
eduerosas occupied. 22% of the and t..4or.e time nw.v lae needed to realize the

a c to di u u 01 o t itt a ass so o pi it n a
wvsn ta m g sat r tIm 1 n a r :W pt siti ro 7 ro up lops trorn tos 507t and 2

f
I ‘

rnan.agenlent (Rach roan et al , 2004.. In Missouri, a com.hination of: grass barrien:
and segctativo filter strips decreased runad by 34”i. BlanccnCariqui et al.. 2006L

di in,., ° ot I 0 lr i i u Ph i r u hss ti os I s tit

Fig. 1—lU. (Top) Chain diker. (Bottom) Surface depressions from use of a chain diker
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mulch and 2. and 0 2”:- trom soils cove red u ith 7n-. 132-. and 393-rum-tb ck dust
mu ichus. 1espective(v. Snn]ar rediic ian in in aporatitin due to dust rue lhe also
occurred at other .kcati ns in t.he western United States (Fortier, 1909, Whether
the.se results in fi:uenced Widtsoe (1920) is not known, but t.hese data. showed th.at
Jest mule hus reduce evarorut ion and thereht concerve cater.

he rusuit,- a-courted liv Fortier 19001 crc based en -tedi-s
conta.inexs, Uridsrr field conditions, dust mulehing consists of a gran.ular or pow
icr:: oii r ist i I:: iciw d h 01 ie i h lou lep I b i t ra U n

C i,
- ii trt i

,(ames (194.U. ‘\i!h,t,rj it may reduce eva.porrit.ion, i.t nas net been uitec.t.ivc i.e
th.e Great Plains where precipitation occurs main.lv i.n su.mmer when t:he poten—
hal for e vaporation is reate:st. Under s.uch conditions, much of the water ten

I i,t, 1 rn ir0 I I C 1U’ S
was pertormed, it exposed moist sot Ito the atmosphere that often resulted in soil
drying to the depth of ti.iiage. Also, tiliage was needed after each signi.ficant rain

sr ni U — ‘iii -i l

isa:: liiphlv suscepthie to er’.’;’sir’n (lacks r’t ci., l592
.Al.thoug.h not effective for reducing evaporatlon un.der the above conditions,

dust nub 10nc) an Fr efti eLi’ wht tesfti5ahilit:: dr es es udu I i 1

that the water already in soil can be retaIned. Such wind (inns exist ,;.‘h,’rr’ a
‘Is — I ‘- n t n or e a

surface from d.eeper ir. soil or from a water table (Jalota and Prihar, 1.990; Papen.—
dick et al,, 1973: Papendick and Miller, 1977), One such region is the Inland Pacific
\orthrvest, ar here dust mulching for a winter wheat —fallow system is essentIal
tor maintaining the seed-zone water content during the dry summer months for
subsequent winter wheat establishment, The region receives no precipitation in
the so n’rmer months

Other Mukhes
Numerou.s mu.ich.in.g m.ateriais mention.ed in the Water Capture section ma also
reduce evaporation. Besides the a mount present, a run re,-idue chaaacteri’-tcs

0’
affects layer thickness and. porosity; l.ayer uniformity; reflectivity, which. (‘irtles

nec’- ‘he —Lirta( e radiant ne bsirncs and icr d:: n-irnic n ugliness sul’ing
iC ian the residues. Van Doren and Ailmara’-. 19Th, Uther (actors in Ilneaci ne
c’ a norat is: inciede residue tvpw s’::aporation Outeilliai, prr’ripitation chaructur
,-tics lb9t prietices and ou1::pe tPipc ide k ai d Pan 199::) ii d ar i rd speed
:Tanner and Shear, 1990).

art sever:: ‘w1 55 a: utica !iean flu ihonS ‘:1cc a:’, ; r’itrareI’: :rc• ‘a: lue
Cr i r L it,, ii C ira arm em Hi /

sured. water losses during a 350 peri.od witnout precipi.tation, Losses were 23.
an an from ha an soil. 20 ann: avi. 0. :enc’r( rvheat st. raw 10 an as :vi tO .‘

. ii ata arc)

an tm i nc ic ran t x an 4
‘

a an m speed ncr ‘cci ‘ r r:: tic
loss to ‘begin increased, with. increases in i.he a mount of stand in.g straw, The ‘(ass

flat: ci:::: :n:iuenc,l evaporation hn’u:;h if:- inilec-rar- on
soil surface temperatures (48, 42, 40, and 32.’C with (he respective conditions),
which influenced vapor pressure of the soil water, Residue height strongly’ infO—
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ences evaporation, especially when •stem popu.iatio.ns a.re <3’Ofl mA The height

effect decreases with increasing stem populations (MclVIa.ster e t 82, 2000).

Bccaus ieght cit -tanci log residues influences ‘auuration, a practice that

O1\ifli,’ es remjue height otter harvest of a grain. coop cuch as ‘cinter wheat

the use of a stri.pper header ha.rvesting (SF1H) mach.ine’ (.Fig. ‘CII). At Bushland,

ta’Her residues after reduced mean wind sEtd and the potential transport

t ii ,ui S

.IIh lower under SF11 I than under platform header harvesting (PHHl conditions.

Evaporation estimated with the Bowen ratiownergv balance method, was reduced

26% with SF11-I as compared with ‘PHI but actual 1t”rt’i( .n differences were

small becaus cirIro. soil condi.tlo’os Jo mine the stub. ,l’iausnharlt et al 2.Un2.

The study by Ba. et al, (2002) was cond.ucted under no-ti.l.iage c.ondd

dons, ‘No-’tillage provides an “in place” ‘mulch that reta.i.n.s most crop residues on

the i-oil i-tHee, the re”hv improving water capture under many conditions as

noted in the Water Capture secth’sn, The ‘in lace’ mulch tie mliv ado. rovih’s

for maximnun’r evaporation co’ntrol because of resid.ues retained on. the suriace.,

Crop residues for field studies usually are reported on a mass per u’nit area

hash, 12 hen evaporation values sth is heat straw, grain sosrglou n stover, sod cot—

ton stalks on the surface were compared on a muss basis, distsnct crop-specit’ic

relationships we.’re obtained. However, when th.e materials were compared on a

th,sckness (or volume per unit area basis, differences between the relationships

were small and similar to a pooled relationship heto een residue level and the.

energy-limited potential evaporation from hare soil (Steiner, 1989). Such relation

ships can be incorporated into crop growth models to improve water balance

prediction ur di Iterent cropping systems.

Plastic alms, which are probably the most commonly used mulcflng mate

rials other than crop residues, are highly effective for controlling evaporation.

With a ‘lOOP plastsc cover on soil to prevent evaporation and rainwater infiltrm

tion, grain surplirim v ielded 6.3 Mg ha’ is’ith ‘178 mm s ater rise 1mm soil. ,Jn

U ‘no w j. at rr. I 5 Se lO hi \i

use was 457 mm (Griffin et al,, ‘1966). With 90% o.f’ the surface covered with plasti.c,

c 11s rr d 1 no us s ot c so iid 268 Im 5 82

study sn the northern Creat Pias ns. Cit h,so a so rIme cover, :.‘i.eids. averaged 2.4

Mg .ha’ 7 an.d ‘water use averaged 282 rum (Willis et al., 1963). Clearly,, plastic film

mulches effectively control evaporation an,d improve crop production,,

Plastic hirsi mulches are not widely used sir (sold orop rodtation sit ttiu

People’s’ Republ.ic of China. A major reason for thei,r use is water con,se’rvation,

tins Ho i-5sri igh rrdt ( c t sporot or Pt” ‘l°C q oct82 so I in as ra p

Mg ha’’5 wl,’oen, d.rvland wheat was planted in. th.ree rows in 30-cmm.’id,e. furrows

sm I S i s be cc s s os5 F iF5 v m

s’S s.’eat’e r ‘,ha so (‘hat o’I” ysi’sosat o”s’ itS 055 t 5’a.st’ic c.’os”es’. The I nero ase “.. so s a..tt,rih’o’ ssti”2, to

ii i sro F e 5% s aSs °n but u p ci, as ‘, P s

and, reduced. evapo’ration. (‘Yan.g et al,, 2000). In the Loess Plateau of China, Fan et

70 ,p’ I c ‘i iO a a° P

tired siltS plastic ion niz tOn’ i’ailosv bet ire crop plants nu.
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Weed Control

r y n1a iy is I att that rI b ttr aa b th rop tc
rc— try i trot S fl 5s r ri ct’ s ii it S I I.

iLitifltS crrtrri st arnt hsrhi1ts
J)!iitittt)SiI hsrhyidrs. :thur sontrul niethods arr by

md pr H ny o ho n,) Ihnms dx ccs or ptst rn1nagmnt tcthntHuSc

g To a v stt g . at ‘itt’ combtne eQuipped jitri trippe-heade
tubbt ft vh rc grain ia em vd t.tb pp

oe ci b g ut h e c ci
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With renard u ater retenhon. timely contrul is essential cause u ec dc

may daily use 5 mm o.f water from a soil iWicks a.nd Smika, 1973). When tiliage

is used, expodng m.oist soil to the. atmosphere m.av cause losses of S to 8 mini

I ) (

mrt he ba1anied against water used by deveiopiny weeds, which lou in. earL

growth stages. A.s a. result, tillage can be d.ehyed. unti.l weed.s use as much. or

fin f’ ii lv o.t ow iW TM us n

I S h it in- ‘n r ain -,

by the next crop. Although tilia may immediately stop water use by existing

weeds, several op rations may It needed to keep weeds under control througlu

rut the cc puirIgnerifid and, thereby, to conserve neter l’reusland ansi Batianorf,

A’. tin inn L si n n r 1 ç’. î mi

weeding usay be needed. to achieve the g .eatest water conservation and crop yield

benefits i fwiimlow et al,. 1q07.

To strip water u’w by ,, t’eds, herbicides niu’.t enter the weeds and block their

phs’.iolouical ictis , therebs causing them o die Weeus in eirh gro vth ragn.

reflni’ally are easier to control with herbicides than more mature weeds (Wiese et

al,, 1966). Large, more m ature wreds mar be e’.peciaily difficult to control when

stre sed for water.

Most crops tolerate some herbicides that can. be applied before plan.ting or at

I ‘.5 15,1. rI I Ii , S Ii5, se is ir \liii In Ii in In 1

i hi c r t s . \p d.r, p o”tu r i igi Is ‘.ui i r

quickmcting herbicides to control problem weeds without damaging the planted

crops. For example, growingseason weed control is now possible through the

development o.f glvphosate [‘s’gphosphonomethvli lvcinej resistance in cu Iii—

vars of cotton, soybean, corn, canola Moll, 1997; Padgette et al,, 1995; Rasche and

Gadsby, 1997k and other crops. The widespread availability of glvphosate begin

ii She 1 )Sfl’. iM. rt tI IrIlit 1 sO the iclopt ii 01 inst rs i1ion Iii n,s ai d

otillage practices.

Sonic herbicides prevent some weed seeds from germ.inating and, therefore,

eliminate water use he such weeds. Such herbicides, howess’r, also mao prevent

-, I “ .-, 1.

using “satener4reatedl seed (i.e., seed treated. to prevent action of th.e herbicide)

and. thereby, achieve effective weed control du.ring the crop’s growin.g season

Ii s” I il ‘l’.n 9i “ srhii. ls’. ml’. I pis i’t 1. ll iti” it

of .sem.e we,eos, wh.ich then may become a. problem ir’ the lailted crop. under

cusP coi dito ns n et il ‘.e ectu n y he I isidi a is nsedsd o scniese wero nn

it Sr. s. . fl’d flit crop, hr tS’r . tsr atet V. 505 ii ned sir. osit be sort cr1 led

herb-ic idcs rt ‘.O!iW c ro’s. A sc’.. sr.n’ti’ ‘.ve””t, hr sn Leconi c n-si sir .t p

c.i.d.es, which resu.lts in major p’robl.ems where reduced or nustil.l age cropping is.

practiced (Fcc-thai cn et s,l., 2906). thereby thwartin : water corservat)on efforts.

cnaraf,ensent with respect to water retet.itior is important, tsp-red ).i.’ i.rt drier

region.s where a dela.v in fermi natin.g the’ir growth m as’ resu.it in limited, soil.

cr0 Gre 1 P1 irs Amner md v g 1 1998 di e’.c’.ptu n ma Ce 1 stnf I Is1 e

cr’ctspn in the Southern iph Plains of Fexa.s where wheat is’ ‘.tsted as a cover

chip where cotton is prown. Wheat Is termtnrted hctore it has a high ds’mand
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tor wat:r. L\ rpotransplration F I) n a almilar lor such system and a onven
tional ti.ilage system, hut transpiration was a greater. part of FT for th.e strip
tili.age system (Eascano et ak, 994).

Deep Percolation
[deep percolation occurs when the amount of water entering a soii exceeds its
storage capacity which peten.tialiy reduces the amount a.va.iL.hle for plan.t use
because the water moves to d.epths beyond the reach of pla.nt: roots. L.der some
conditions it mac be recovered later tor irrigation trom an SJuller or strea n
Deep percolat art ni oct tra. uent a ocx .rs on 72e p porno 501150 r tOrn ugh prefer
r.ntiai flow pa.ths (worm chan.nels, decayed. root chan.neis, etc) on. almost any soil.

lb red.uce the potential for deep percolation losses, crops sh.ould he grown

‘ ii r t ii or ew 9 iti r01ti— 0

ment opt ions include early plan.ting to ach.ieve greater root devel.opment ear.ly in
the growing sea.son, growin.g deep-rooting crops or rop cultivars that extract

ft. r no r t i r tile ., c in0 itt i3 -0fl it

— e ri? 11ci0 rr,eprlLei Ir-l Di i

for deep percolation also can be reduced by deep tiliage to enhance deeper plant
rootin.g or to bring materials that retain more wate.r closer to th.e surface, insta.il
lug subsurface harriers, and increasing the soil organic matter content.

When considering early planting, the crops optimum planting time for
obtaining tavorable yields must be considered. Except that grow ing certarn crops
is more profitable than growing others, little or no additional expenses should
be incurred when switching to deeper-rooted crops or crop cultivars, or to those
having growing seasons that coincide with the time when the deep percolation
pi itentia rs greatest. This contrasts with the case [or deep plowing and installing
stibsurtace harriers for whtch the potential benefits relative to the cost 01 per
forming such operations must be carefully considered.

Freeman cut loam (fine-silty, mixed, superactive, mesic Aquandic Palexeralfb
I eastern i\a’htr1uton and nor bern ldabo has about a 70—cm—thick A horizon

or cmii ;ne a we!i-cicvetopeO Ac Portion at the 30- to 40cm deiath The uncicrIa
i.ng B horizon is a dense silty clay loam Moidboard. plowing the soil 90 cm. deep
resulted in storing 53 m more water from precipitation in the upper 90 cm of

i 11 1 r ii S “r 101 I I h 5’ C 7 ii hi
cansed rtaicr to he ic( (mont the convcnmionaiir pi owed soil tMch et al i9h

•Tht. u.rface horizon A Hezel. 50i1 (san.d o’cer ioamny mixed, s ,pera tive,
nonacid, m.esic Xeric: Thrriorthents) in central Wash..ington conta.ins about 70%
sand.. Moldhr rd p ‘wilt 1 so 1. 01 deep redo aed the au rfaca. 72uc 700 sand

- S ‘ 0

and .Aa.rstad, 1972)
[deep sa.ndv soPs genera.iiy have high percolation rates that redoce Acm

— L

(ii inn 1 1 d op oHs Prick in a’ il 1 no 5 Sen t a [959 ?oP
Rohe.rtson. et al, 19731 Another ossrhhty fr reduci.n.g deep percolatton. water

iii “ I L ‘-1 I I
. %\l I \ tl H H (l’r ar

real el al 2007t
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Organ Ic materials absorb water readilv Adding large ouantt:ea 41 organic

rnatcriais will Increase the available water storage apaci1r of soiL and n theory

should reduce deep percolation losses (Shaxson and Barber, 1.003). such

m° iiL w hi r a er rear it d in iriable tft ts o wat “e t Pun sod

i 4-r 1 F i ‘n I 1

tve correlatton between waier retentonend organIc matter ku° In contrast,

Cisse a.nd. Va.ch.aud (i9SS found that adding orhanic materials had no effect on the

‘a ikr hoi hog capacth ot d4- graded sond soiL in Senegil b it it inc actd p4 ant

rout development, n-atcr aEo’rpton, and crop vield. I3ecause water retentIon liv

in 4 4 4 4 1 ( “a S ‘41 is

materials to finet,extu red soils apparently would have little or no efffrct on water

retention., It could, howevei, improve soil structure an.d, thereby, increase root

proliferation and.. decrease deep percolation of water, Although im.t roved roil

structure Increasen root ro!teration, end decreased ieer’ perc; ‘lation are

1 i s 9 1 4- 1 r I 1’4 I i 1 Ci s I “1

be onti.n.ued for m.anv years to markar-dlv increase soil water retentio.n (Sh.a.xson.

and Barber, 2003). Als .i, on.iy the plow l.aver usually is affected. by organic matter

addti-onr Ruseli. 15581.

Crop Termination Time
Continued water u.se does not in.crease yields of grain crops su.ch as corn.., wheat,

and grain sorghum, after they reach physiological rnaturi.ty hut may improve- ha.n

hl , II h dd v, ing I I d u ‘til I 1” ci’ c poccibli lii r I t 4K

IS not increased, terminating the crop at physiological maturtv would stop (1Il

water use and, thereby, conserve some water or a following crop. Some crops

such as grain sorghum and cotton have an indeterminate growing season. Where

such crops are not terminated liv freezing temperatures. terminating their growth

immediately riPer harvest is an alternative methoa fir reducing continued water

rise. ‘A here second or rattoon crops are possible eg., grain sorghum. rice, rug-

arcane [Saccha’rrm. spp]), water use m.ay be less than for the first crop because

limited add i.tonai plant development m.av be required (Uncger and Howell, ISSB).

Efficient Water Use
Aftr.r water from precipitation h.as been. ca.ptu.red an.d. retained in soil, the amount

available m.u.st be used efficiently to ach.i.eve optin‘mm crop yield.s and, h.ence,

ida-u rabl.e rr.Iturrn, to the inducer. Likewise. IrrIgatIon. a.vatr’r mt.i.s t also be used

effiementia to obtain the above results.,

Efficient water use in. rt.sel.t ualv I.s flO. lee mawr goal. of producslr.s, Rather,

their main. goai.s u.su.aily are pro.du.cti.on. Ievei, profitability, and... to- some extent,

P 1 itV 51 nfl ta th ‘I ‘C Is i p prn t 0 s s ,s h “ad

in Previous sections, is influenced by naariv factors. To achieve a yield that wi ii he

proftr.ble to the producer is termed, a th.reshold. ield, To a,t.tain. such, yield, a cer
1 4

011’, 041114141’ ii’’ i’-’ flu of C ror’n’, 1111 51-” P10.1 usr’d - ,

-

ten’ms with long fal.loav periods so av be. less efficient. regard mg precipitation use,

bu.t may ir.crease the like.lihood of ach.ieving a threshold ie’ld. from an econ.orruc

a an point Fort i iah ii isa to cm “r rv Al 1 t ige li resmi had in whir a mng I th



more utgewnt use ot precipitaf on and the kehhued of ceptable onornlc
t.hreshoid yields in many cases.

Sci•entists have been int.ei.ested n the amount of watei. required for successful
ft 1 1 1 I Z F+ \ I1°

TIn i r i u net I a frI ITI 11 1 1i I t 1 10 ol pla
production to the amoun.t oF water used, This. term is appropriate .for comparing

stem, in detail. Fiwoer. n ma;nlv discuss praet,ces
•ntons hat nniurer can use t Citi ent us’ itr’i’ 1\aii,ii’le to tiuni.

Crop Seecfion
Probably the mo-f imp rtaot chitee a producer of rain fed :rops mrist make is
crop (or crop ultivarj sele.:tiun based on the amount and timeliness of water
availahi.iity. Foremost, ad.equ.ate water must he avai.lchle to support crop estaFo

w t md th 1 in tl r I hour k r h o
to severe water stress under t\ ‘psial cnnditons e.g a\’era e precIpitation). Ln:or
tu,nateiy. d.’roughts sonletinies occur that thwart desired prod.uction leve.ls of a
given crop. .A.lso, grea.ter than anticipated precipitat io’n sum.etimes provides more
i e n r it a Sc to ftir I Ii F ‘ or F TI- I to 1 Ci

tation averages mnlmzes adverse results with the crop or crop cultivar selected.
Another importa.nt considerstion regarding crop sel.ection is crop rowln.g

SedSon length relattvc to the period nf adequate water aealabiltv. For relatiselu
short periodc of water avid lability, crops with short- or nediurn-tength gron -

ing seasons are appropriate, whereas crops with longer growing seasons can be
grown when water is available for a longer time. [he goal should he to closed
match available water supplies with anticipated crop needs, thereby potentially
avoiding severe plant water stress or the crop not using water that is available,

A third important consideration is timeliness of adequate water availability
relative t when the crop is to be grown (e.g. cool- or warm-season crop) Prevail
lug temperatures’nffuence vhat crops can be grown in ditterent seasons.

With irriga.tion. the above consid.erations should he applied for us:i.ng water
ft fttot I r 11 ‘ “ 0 1 ,r

able ii’itts i’rleaton. For es:a wrle wit]’ irrigaiii en Itive rs cii a iiis en crop da-c on
a lot.sger growing season are appropriate. A.iso, with irrigation, some crops can. be
grown. that can’not 1w grown without irrl.gati.on under som.e conditions.

irrigafion Management
With respect to effi.ci.ent water use the goal for irridation. is to achieve maxi

10 or to
‘ I I

in mt r s F err oinmm on ione sr pe i l ne r ig cd i den thet
u tee mi, ic o pl Ww to r1 Jr rec urlO S Sire I sri r P0

I’ - -n o ci iY . lies Ift t IC
cal, and. i.rrigati.ons supply wa.ter to soil, for l.ater use by crops. The freeu.ency of

5- II-, I

achieve maxi.mu.m yiel.ds, relatively frequ.cnt i.rrigations th.at maintain rel.ativel
gI soil e ati r cm 0 ntc mrr riqu cd \ch in0 i sas nit ims s n Id ion ser 5-ni

not result in the most eiticent water use, Fr some erepse. use I deficit fur 11111 ited)
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reduced. yi.elds, but also reduced i.rrigation water use, increased, water

use effluence, and im oved capture and use of precipitation (Uhger and Howell,

N r I u ti m e r e e’ the

ot 501 water at pantuig.

Irrigation scheduling is influenced by such tactor as orop gowtI stage crop

sensitivity to water deficits, and climatic conditions (precipitation, prevailing

t us f u-.’ ‘
0

. I ‘ ores e it n

used to inc.rease soil water content, germinate weed seeds before...crop piant.ing,

leach salts from the profile, or improve conditions for seedbed prepdration. Irriga

tion schedulin decisions can be based on a record of precipitatuin. knowledge of

normal ovaotranspiration. reports or evapotiansta ration. computer models, or

direct sampling, to dete rmine the soil, water status, The amount of water applied

sh old be suchPhat ru.nofforaieep. perc.o :atiorr losses are avoided.crr n...ininaized,

Also, prepiarit irrigatIons should he as close as possible to crop needs to avoid

eiccssive losses due to evaporaton

i•fi additi.on*to irrigation sche.diiii.ng and the arnou.nt •c>f water .applied, c.rop

tang ssterr managel ien1 als impacts irrigiton ssattr use efncieorv be

previously mentioned, fiT in the southern Great Plains was similar for cotton

grown after terminated wheat that was used as a. cover crop and ith corn’en

tional tillage, but .transpirat.ion was a g.rester part of FT where the terrni.nated

wheat provided a partial residue cover on the surface (strip tillace was used for

g B
he tt r Iu 0 iwo o et e 0C41 Jr KhI as rr gem

were 8.1 and 6,4’ft greater with strip tillage and notillage, respectively, than

with conventional tillage, with the yield benefits resulting from less evaporation

where surface residues were present (Lamm et al, 2008), Other studies in Kansas

showed the benefits of surtace residues for suppressing evaporation under irri

gated conditions (Kiocke, 2004; Lamm and Aiken, 2007; Todd et aL, 1991), thereby

resulting in evaporation being a smaller part of ET for corn production fLamm

and Aiken 2007),

Alternate irilgated—D.ry1and Crop.pinç
beST’ crnprn g ‘,tew or hict’ irrupted sh i Is wits I lb doria d

i hJp 1 l I U S iS S S I as i

creppit i, The go Ito ‘eel sste Psi toSr 0 rriga d and a God eropuo er

conditions where water fo’r i.rrigation is limited ard where. dryland crops ca.n be

a I i ‘er 1ds \“‘er nO f( rn

water tro’m irrlgaiions may reman in the sol, in addition, the follow inn drviancl

crop benefits also from water stored duri.ng the ensuing fa.Ilo.w period. Because

ir lano cr0 as generailt drplete niost soil ua5 r snme ater wou’d be stori d

p I —

An ither eva np1s of a tern we wrigati d—ai yGnd rs pp n, i o grow tOe

same ap a ter ml, ndi “r ated and lrp 1ad i ud Pons tbe sawie lard

for wn.ter wheat at Boshlane , average grain elelos on drotand we’re a”.d P1

Mg ha att.er rruna ted wjieat a.nd 10.5 corit.i.nuai drviand woe at, .respectiueiv (warn

yie’ids wit.h irrigation were 4A.. and 43 M.g ha° a:ft,er drgland. whea,t a,r.d for con

r & ago d hem “ c’i 5 ik iso The cw’ as P u ask re.t Sr

tot h1tr tôh “rn, i i 0 i fl” c, i 10’’



Opportunity Cropping
1r r ir t 0 O} r u i r i u h .n n I

Pat on imount md in mg pe ialh n drier rep oes cu h 1 tht atnilarm
C at Plo s I rid r ‘i h ronditio is r itht r ri,,id roppin ‘n r in st F
and ft Ph men art’ ucJ. The coal or u’dnp these ‘, stems ft to nerease Oi!. vater
storage during fal low for t.he next crop. Precipitation. ti.mi ng a.nd am.ounts r..re
highly on nedictable, and .sub.stantial a.mounts mar..:. occur Fate in the crowing sew
son or soon after a crop Girt0w0j thus provding ilttki oppr’rtunitv or storing
addi.tional wa.ter during the ensuing fallow pe.riod. With opportunity cropping
(Fig. 1—12T an adapted crop is planted when soil water conditions become tavon

F i 0 diflL r ii it 14 tie r’ C tO H c p
southern Great Plains for example, shortweason. grain sorghum can be grown
alter winter wheat harvest, or winter wheat can he rown after grai.n arghr m
harvrnt, Other crops evaluated for opportlin1t\ cropping at Buchiand were
caP (x Ttit icowca.ic Wittmack), forage sorghu.m, pea.rl millet [Pe;oisctuni glacuot
(1 ft Br] ut 4r iii C I I pinto h an Pr 1 lgr I tat 11 1 r
,“ ii ‘J i ii md k I C I
considered suitable for opportunity cropping at the location were winter wheat,
grain sorghum, triticale, forage sorghum, pearl millet, and oat Because opportu

* r’t’ 1 ix i,Csci ipi}1, fltti it ieC*t Ii \rd “ tr i r p 0
5 used more efficiently than with. systems involvin.g long fallow penod.s. Nielsen
et al, (20061 showed a 15% increase in economic precipitation use ctticiencv (i.e.,
value of crops produced) from a Nyr study comparing opportunity cropping
against set rotations that included fallow in the central Great Plains,

Fig. 112. Grain sorghum (foreground) and kenaf (background) being evaluated asOpportunity crops.
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Avoiding Long Fallow Periods
‘me eroppinh rcthv, a. dt :3nsc’d the Water Capture section under Pa!

w ri 0
period.s that result in low watr .r use efficiencies und.er many conctjtions, 70th

Oie.c practice-c crops mire rcadi lv mm atr from precipitat on when it becomes

ma’ 1’i thus rcs’u tin; in cenerl more emcirnt 0 01cr use.

Atmospheric Carbon Dioxide Levels
H 1

n-ncr rrlat ons ot rops The r ncentrst on inereard morn 13% ppm 0 1°C to

Al ppm n 2tdt- Din okenckc and ScEne!]. 200 .‘. Studir- ‘ndtctrsl under

untrolIcd u-nme’ tat conditions bane sEwn that elevated atmiispheric

CO levels increase water u.se efficiency (Allen, 1.999; Allen et a!,, 19857 .A field

ni’ r 1— 11 ti 0 F -F. 1 tI 5, 1 1 ] _ hi —

tit4—i080 with winter uheat a C, crop) under ambtent (340 ppm) and nieveted

CO icr cC t4$5 660 and 90 pp nI hauuhurt et a’ 100) Piant3 racre gro ent

F \t’, ‘ F 1 ‘ ii
1 1

tile bows. The sOIl was a silt loam arid cne-haif A the boxes were niarntaincct at

a high water level (field capacity; 0238 rn3 rn’3) wh.iie the other half were main-

tamed at a low water Ins clone-halt field capacity; Even though it is known

that CO. is an antitrarispirant (rHen ct a!., 19S3, the amount or r ater transpired

increased as the CO2 level increased because the elevated CO. levels increased

growth and leaf area. The amount of water required to produce a gram of brain

was calculated trorn water used and grain yield for each C0 icr ci (Chaudhuri H

al, 1990). The water requirement (WR). which is the reciprocal of water use effi

cicncv, decreased as CO concentration increased, Lnder the high water level, the

7VR wa.s reduced by 29’, when the CO. level rva ratsed trom ambient 3-r aver

age WR = 642 naT g) to 825 pp.m (WR 458 mE gO. Und.er the low water level,

the tVR was reduced by 31’C when the CO level was raised from ambient l’VR

707 mL g) to 823 ppm (OR 547 1111.. g, FEe rmu!ts nd cated that ater use

by wheat will not decrease as atmospheric CO. concentration increases, but th.at

water use et’ticiencr mu. inereas0

mrkharn et 0 191)1) cierermined the effect 01 b01 tecH on tai; bloestr’na eras-s

(4’ itropo;e a ‘iidi Vitman) (a C1 r ingc land crop; rrn ing on a silff cas I sam

I r in r 1 1 r ci n

t u e pan hc 0 Icr I iF ,i 1Th 5 1 10 1 ii i

the ambient level. The WR was calculated b dividing leaf tra.nspira.tion rate’ b.•’

‘eatpatosvnrnen.c rate. t,ievated. ( reoucece the ft it H v H’h. for bItE Icaterinc

recrnes. tither studies, reviewed. uv miten l!’jbht a.nd Ailen eta!. (105) t.r plants

such. as. corn,, cotton, a.nd. sotbea.n, con.fi n.m. the find.i n.gs that,. under elevated CO.

ievelsu ‘,vate r use efhciencv svr in:rease both ci. C 31 oh C. 5311333 -

Large increases in water use ehiciencv under else., ;eci b.ti. levels rio not nec

essaril’ imply an - reduction in crop water requ.irc-’rnents per u.nit area.’ of land.

Allen, ‘1999”. As rroted o;, Chaudiauri. et a]. 11.11 water use eEl cien.e

increased under elevated. CO, levers, but transpiration a Iso .1. ncreass’ he C5*3iSSi 03

increase.d. plant growth and leaf area, Nevertheless, as CO in the atmosphere

increases, homers nori id be’ able to as niece SOber cro ,eisls per i list

with i mci ii 1 hF) IntO of 115 5 CO i- I N it3 isol F. I Au
\1
,



d.ata, however, are need.ed br the major C and. C, cropy particularly under welh
tered an r er trrcwd ond tion’ iKimi ill 1b8i to e rnhin fbi ter

an-u eincenuv ‘a ii change a [he atm n-pheric C O one icr rnase,

Future Challenges and Opportunities
L ri

captured, retained, and used efficiently’ for prod.uci.ng a. desiz.ahle yield, have not
changed during the art 100 yr. \lthough much progrr n- fn-,yi rr,O much,
waler notentai!v mailable Cr agrwuirurC urea. not erC’ulivulv ,‘r’,scrw’,t
m.anv cases. With increasing demands for water by other users a.nd the need for
increased. agricultural production, it is imu.erative that conti cued efforts be made

and use our water srippi us eftec IRwin and more elSie ieoth. C ii’h this
in mind, we list and briefly comment on. some challenges a net opportuni.ties for
achieving improved water conservation for agriculture.

1. Develop techniques for reducing crop residue decomposition.
Coi se’n ation Ii hagi an espeu uP no llaer n suIt m iron res liw b
retained on the roil surlaee, thereby p ruvid lug major water conservat ion henifits

icr uana iOu ms fig i1 L ioi ton it R siUus dti i ius icewas
ing their longterm effectiveness. With less decay. greater water conservation.
should he possible. Possible means k.n ‘educng residue deear include using
improved harvesting erju ipment (tag.. using the stripper header), plant breed
ing to develop sturdier or decayresistant plant stems, and applying chemicals to
reta ret decomposition.

Fig. 1—13. Crop residues on the surface in a winter wheat—grain sorghum—fallow cropping system under dryland (nonirrigated) conditions. (Left) Standing stubble of winterwheat (the most recent crop) with stalks of the previous sorghum crop lying on thesurface. (Right) Standing stalks of grain sorghum (the most recent crop> with stubbleof the previous wheat crop lying on the surface.
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2. Identify, select, or develop more waterefficient crops or crop cu[tivars.

Briggs and Shanty (i9i;i sh wed majoi. differences in water use to produce a. unit

I it ft r ‘
‘— 3 1 l-l, n-, 5 1 (_ I’ 3!’ 1 l

r ultivar lectieu used achieve eflicient water use, but irnreved eiticier’cr

sh.ou.ld be possible through genetic nginee.ring techn.iqu.es-, th.rough. careful

0’- 1 1 i I iJ I pr is ore

crops or c.ultivars ror use n a g.iven situatIon ieot, r-gion, clima.tic couP twos).

For example, genes h.ave beer-i identified that ma nmke- it possible. to alter corn.

n 3 III I rt I I 51 iki r’-’- hr ft

and Improving water use eff.icien.cv for thr.t crop.

3. Determine crop responses to increasing atmospheric CO. levels,

mespI rw Cd 1c ft tmw 0 ir Pm no net 0 CL 3 sir

beer-i conducted, hut continued researc a.nd plant breeding are warranted to ma

abreast of the erfect of CO. lcveis en crop preductis’itr and water use cfficencv.

4. Develop more effective herbicides or other methods for

controlling weeds.
Some herbicides are most effective at a given, weird growth stage. With. a wider

ranur- or efiectiveni-ss, generadv bcttr-r reed control hc-uid posshe. In add

tOn. ,onre weeds are resstant to herbicides, and imprl Sir herbicide, or

control method.s are. need.ed to adequately control them, Some herhicide4oler--

ant crops have become available through biotechnology. n hich has been a mator

benefit with regard to weed control. This practice is desirable for other crops

Progress in these areas is needed to achieve increased water rise efficiency and

crop productivits’.

5. Develop improved phreatophyte and brush control methods,

Phreatophvtes often orow beside canals streams, or other svatcrwacs rem which

they’ extract ‘water that could potentially he used for crop prod.uction. Brushy plants

err sr -inrl w mr n pirh itS r9srs or air r F r iw 0 trol o n

is needed to tecrease toe vatr-r supp’. fOr- crtiand awl

6. Consider the impacts of ethanol and biofuel production.

Several issues coricr’rni ng c-lane and biofuel oredrcton have imot cations

rega rd.ing water con.servation for agricu.ltu re. In. th.e production process i.tseif, 3,5

to S mt’. mt water irre 3,fted ‘i- cach unit of ethanol produced theenev and \tul!er

I a a

used to- produce the- crop, ahor-ri 1400 kg water to produce 1 kg corn gra.i.n Stewa.rt

no rioweil. 11.10). ouch sr•’azyr 1.O’O 1. Fir F13€’rIL 0.1.: corn n. rI’.)O ‘Hir t1’O p. FirS UI iS. iT.

a ImL.’st’ 3-400- 1,. cit.’ water nec-ded to pros-i rice I L r’ I oauIL., 40cr-c c’.: mo prIm u

un.der rainfed r.on.dition.s, such water use mae not he of much concern. Urrd.er

1 1 1 1 H ,rH I

m.akes. the prod.uction of ethanoi from. corn a q:uest.i.onabi.e acti.vi.tv,

Ceitulosic hiofuel productIon also has maior inpii.caticns rcgard.im water

1011000 crc-p rrl’mluuc- rUTr’,i Ii’. t’Ui 0 ‘,vat-r aOL’i Li. TO LU TI-

off and, infiltration effects), water retention (evaporation control), and on. the soil

twit (so rfdce p-rotcetlen fr control ini erosion, omo’anlc maPer 0 nient. structurm

development). Intormatien regarding these isSue’ ras aiable or being developed



(National .Academv oF Sier.ces, 1102; Wilhelm et oh, 2cl07), hut readily applicable
gu Idell ne 0 mode o ar ne ded so th it prodr oem or id or in m h d t r
mine the omount of residues coded to ovum harmfu onseuueiiccs at the te
under consideration. The use of alternate cci lulusic biotuet crops —puren mal
gr moos bri sh plants t t p om mg F s—ooodd mdui e th ni d tor us og op
re’djues to rod’,icc elba nol

7. Increase the application of practices known to improve
water conservation.

\ianv studies have’ ‘hivn [ho value at coner’. aPr [iliage too Improving ater
conservation and use, hut the practice is not used to the extent to wh.ich it is appib
cable, Also, such studies have not been conducted unders.o me cond tin

1 could be apa’i cable, Audti na research and den’nsiratens new’
o di m t il igo (mptci ills no till iho) under i m ide S irioto ol 0ro5ging so tt mo arc
needed to develop information so th.at it can he iromoted throueh education end
extensioua it us Ii’ aol heel’ preater acceptance hi psi ducuru

8. Conduct interdisciplinary, more comprehensive research,
Much research pcrFainnp P water onser\’at!on involves a small number
var;abies and often is conducted be one or a few researchers. Research and devei
opmer.t teams comprised. o.f personnel From several discipl.i.n.es (e.g., soil, crop, and
ued scientists; agr0000i ists; engineer’s hvdrologists; 000norn1st5; ens ri’nrnentai
sts; cropping—system modelers) are needed to simultaneously study more variables
and to develop widely applicable, practical, and functional integrated cropping
systems. These ovotenis should effectively captur. retain, and efficienti’, use water;
he economically cuitable for producers; and help protect the ens’ironnent.

Summary
Thi’ principles of water conservation For agriculture have remained constant dur
ing the past 100 years; that h the water mu.st be ruptured, retained, and us..e.d

C
1)”

I
i i’ ‘‘

ing i.mproves water captu.re in soniesoils, hut water capture can. ‘he achieved also
is ,‘i c I c no r’ i c fl( idi r1u tilt w w ibbts n t
“1 “ C 1 “0 ‘.,, r ‘

conservation heriefi.ts. Con.se rvation tiliage m.eth.ods, e.specialiv no-t:iilage, a.re
hig:hiv effective for ceptu rncz water o nder mane conditions because the surface

is “ i — I “

and surface sealing and maintaining favorable condItions (or water infiltration.,
The residues also reduce the runoff rate.. th.u.s providing more ti.noc for i nfii t ration.,

Flea captured seats’s, water hosecs sic to eooin’sratiiu. use he
i 0 lOs coI ni in ho i m1 i d 1ii” ‘o w tel up is o m ted o

Share (1911) m.d Widtsoe (‘lh’dO), reduces evaporation where a distinct 9 rv sea

son; e other re’pi.u 05, 0 i%”O’ e. r, eec. lye evaporation conir i. cciii Pc aco. ie0eu. W
crop residues; and othe.rniuiches to obtain satisfactory water retention.. Numer
1115 hs’rhic;,dus ire aviia[’e t controi e.’vOd, and diets nero. atIin.. isieses. can bc



UrK Ca N

.TU :rizod b. u flV p irp is mtcrtl .‘r titp Vtr’ I rc i’ h c

I i c- P d 11 p. ‘. NVI 1 P , tb

VVft p V i ri r .

f .VmPt . hi d op: tt V L.: nit I .c I VS.: P 1

— r P tr,t

i r r g t (I

IF r P r P V VIP”
P

-

owl g
1 V( V_S 55: 5SV

VSV
— VV

References
V 1 .d. c I V

rcV rVV. 00 -

V V V

p fit c p p V

V

V

V SV 1 0 9 J 0(1 54n V

5 b6I V 5V5 SVVV VV V
V

V V V :VVV V V

11 —I

V

V
0 S 15 V fi. V

V

V5Jt P 1d so V S- aft ,O 1 4

V J V ii 00 P I 1 .n, llV Pr 1pt n

V 0 J 5’ 51

Aear€, J C V and M P Rao 1996 So,l and 5vater p nse,vat,or oy5ontoir r,00gnq 0 tO “IV VS

opc of Peru osqrl Ero t Env,ron 57V17_35

All n R 1 8 rot 110 r t h 0 fl wh at OP y rrn M y 4

Alien, r H V Jr 1999 Evapotrantpiraton respnses of plant and crops to radon oxd irVu
e

pcratuVe P 3 70 in M B K.. kham (ed ) sVater usc mop podu”’o’ T”e H or’ P’r

In . N t 5’ rk

A” V H V

V
one a

r JW JV e .98 P. a tIn p’ CO d ,,p p

.3 27 In 4 ances S.Qr,-1rS5pralVop Proc Nat’ Cool tic Aciva”ces Sn EVdI OtOOSOd

I AAE i o Ml
V

V’ V .

V
V V

V _l5

“0 V
V

V A )VV p 190 0V’fi
V ( Vj

V
Pj I ‘

VVdV 0 fl V
V 0 4V5 :0

V

I

V
V1 P .1:

/ I

I I

_Vt S_

V 5 ‘0 5V VS s S , V

D 1 C I I S In I V



Bennett, H.H. 1939. Soil conservation, McGraw-Hill Book Co,, New York.

Benyamini, Y., and RW. Unger. 1984. Crust development under sin ulated rainfall on four soils, p.
243—244. In 1984 Agronomy Abstracts, ASA, CSSA, and SSSA, Madison, WI.

Bhardwaj, A.K.., I. Shainberg, 0. Goldstein, D.N. Warrington, and GJ. Levy. 2007. Water retenfion
and hydraulic conductivity of cross-linked polyacr7lamides in sandy soils., Scil Sd. Soc. Am.
I. 71:406—412..

Bilbro, l.D,, and D.W. Fryrear. 1991. Pearl mdlet versus oin trash mulches for increasing soil water
mid cotton yields in a semiarid re ion, i. Soil Water Conserv. 46:66—69.

Black, A.L. 1967. Stubble mulching saves soil water, Montana Farmer-Stockman 54(20):22.

Black, A.L 1986. Resources and problems in the northern Great Plains axea, p. 25—38. in Planning
and management of water conservation systems, Proc. of a Workshop, Lincolris NE. October
1985. USDA-SCS Midwest Natl, Tech, Ctr,, Lincoln, NE.

Black, A,L,, and DL. Tanaka, 1996. A conservation tillage-cropping systems study in the northern
Great P••iai•ns of the USA. p. 335—342. In E.A. Paul et al, (ed.) Soil organic matter intemperate
agroecosystems. Lewis Publ., Boca Baton, FL.

Blanco-Canqui, H., Ci. Gantzer, and S.H. Anderson. 2006. Performance of grass barriers and filter
strips under interrill and concentrated flow, i, Environ, Qual, 35:1969—1974,

Bordovsky, J,P,, W.M. Lyle, R.J. Lascano, and D.R. Upchurch, 1992. Cotton irrigation management
with LEPA systems, Trans. ASAE 35:879—884.

Borst, H,L,, and B, Woodburn, 1942, The effect of mulching and methods of cultivation on runoff
and erosion from Muskingum silt loam, Agric. Eng. 23:19—24.

Bowser, W.E., and R.R. Cairns. 1967. Some effects of deep plowing a Solonetz soil, Can. I. Soil Sd.
47:239—244,

Bradford, I’M., and R.W. Blanchar, 1977. Profile modification of a Fragiudalf to increase crop pro
duction. Soil Sd, Soc. Am, 1.41:127-131.

Briggs, L.l., and l.W. McLane, 1907. The moisture equivalent of soils. USDA Bureau of Soil Bull, 45.
U.S. Gov, Print, Office, Washington, DC.

Briggs, L.J., and H.L, Shantz, 1914. Relative water requirement of plants. I. Agric. Res, 3:1—64
(plus 7 plates>.

Buckingham, E. 1907. Studies of the movement of soil moisture, USDA Bureau of Soils Bull. 38. U.S.
Gov, Print. Office, Washington, DC.

Burnett, E. 1969. Profile modification for improved water intake and storage. Great Plains Agric.
Counc, Publ, 34. Vol. 1:59—63,

Burnett, F., G.E. Arkin, and D.L. Reddell, 1974. Deep tillage effects on crop physiological response
to water deficit. Paper 74-2533. ASAE, St. ioseph, MI.

Burnett, B.. and CE. Fisher, 19S6. Land leveling increases dryland cotton production. Prog. Rep.
1914. Texas Agric. Exp, Stn., College Station,

Burnett, B., and V,L, Hauser, 1967. Dee.p tillage and soil-plant-water relationships, p. 47—52. in
Prod, Conf, on Tillage for Greater Crop Production, 11-12 Dec. 1967. ASAE, St. Ioseph, Ml.

Burnett, B., BA. Stewart, and A,L, Black., 1985. Regional effects on soil erosion and crop produc
tivity——Great Plains, p. 285—304. In R.F. Foliett and BA, Stewart (ed.) Soil erosion and crop
productivity. ASA, CSSA, and SSSA, Madison, WI.

Campbell, CA., B.G. McConkey, R.P, Zentner, F. Selles, and F.B. Dyck. 1992. Ben.efits of wheat
st.ubble strips for conserving snow in southwestern Saskatchewan. I. Soil Water Conserv,
47:112-115,

I.. haudhuri, U.N., M.B Kirkh.am, and t.T, Kanemasu, 1990. Carbon dioxide and water level effects
on yield and water use of winter wheat. Agron. 1. 82:637—641.

Cisse, L., an.d G. Vachaud, 1988. Influence dWpports de matière organique sur Ia culture de m,il
et dl. nachide cur un. sol sableux du Nord-Senl.gal. I. Bilans de consommation, production et
developpernent racinaire, Agronomie 8:315—326,

Clark, R.N., and OR. iones, 1981. Furrow dams for conserving rainwater in a semiarid climate, p.
198—206. In IC. Siemens fed.). Proc. Crop Production with Conservati.on in the i9BOs, Chicago,
IL. 1—2 Dec. 1980. ASAE, St. loseph, Ml.

Cochran, V.L., S.D. Sparrow, and P.8. Sparrow. 1594, Residue effect.s on soil micro- and macroor
ganisms. p. 163—184. In P.W. Unger (ed..) Managing agricuftural residues.. Lewis PubI., Boca
Baton, FL.

Cox, M.B. 1968. Conservation bench terraces in Kansas. Trans. ASAE 11:387—388.

Derpsch, P. 1998, Historical review of no-tillage cultivation of crops. IIRCAS Working Rep. 13:1—18,



38 Unger, Ko’kham, Neison

tsr CT 1938. Trersn’;:t’:”r. arc cror a.&d ‘Ia”; La-t’ro..srs. Onrer. 64:6: cs:. n B’oL arc
Cnenr Res. or Fec Crops and Heroage, 2/ace OWen Toe Netne”ands.

D’r.kes. f.C. C P Osnster. J.M. oaf en. ann RH M closer. 1984 t0ferts o5 trace on so ‘ares. on
a :‘ ea:-tan.osv ‘otar,o°. Trans. ASAE 25811 820.

CLksnn, P.S 9.9 LanC c-a. end C E. FIsher. 1940 C/ate’ a”d so,i conservatonrstsc-’ men:: a: Sour.
Tesas 8,.I’ 987. Texas Ac,’:. Ecu SIn., Cocege S:a:’o-r

Oxen P.M. 1969. 2/ate’ nflT’ar:en responses :o sd rna:nagemenr urac::aes. Ph.D. ross TeU”’
Madsno. DIss. Absrr. 56-3903

-- No 6):SW 919.

Doyle, A,P.. 198.3, Stubble retention, Aaalab Ia at hrto:!/msow.regienal .nrg ;su/aoL’oxit 953/
roclOS3St.htrn (verified 1 Oct. 2009).

Doles, FL., and C.R. Fenster. 1961. Stubble-mulch tarrni.n.g s:ethods for fallow areas. f C:t4’-IDD
Nebraska Eat. Sere.. Lincoln.

Duley, 5.9., and L..L. Kelly. 1939. Effect of soil type, slope, and surface conditions on Is: take of
water. Res. Bull. 112. Agric. Exp, Sf.n., Univ. Nebraska, Lincoln.

Duley, CL., and IC. Russel. 1939. The use of crop residues for sot and moisture conservation.
Agron. J. 31:703—709.

Duiey, F.C., and J.C. RusseL 1942. Effects of stubble mulchinp on soi:l erosion and runoff. Soil Sci.
Soc. Am. Proc. 7:77-81.

Eck, b.C., and H. M. Taylor. 1969. Profile modification, of a slowly permeable soil. Soil Sri. Sec. Am.
Proc. 33:779--’783,

Elgel, 1.0., ann:’ ID. Moore. 1983. Effect of rainfall energy on infllfration into bare sol. p. 188”-200,
in Adrarsres in infhtration, Proc. Natl. Conf. .... n, .4.daanres in lnfilfration, Chicago. IL. 12-- 13
Dec. 1981 ASAE, St. Joseph, Ml.

Erickson, A..F., CM. Hanson, and A.J.M. Smucker. 1968. The :nfio.ence of subsurface aspfsa It barri
ers on tee water croperoes a-nc she urococt’’n1 of sand: soils. Trans. g1e i. Cosrqr. So
iAdeiade, Acstr.alial 1:331—337.

Erskme, Ml. 1992. Vetiver grass.’ Its potential use in so9 and m.o,sture ror’servabnn ‘p southern
Africa. S. Aft. . So. 88:298—299.

Fairbourn, ML., and HR. Gardner. 1972. Verucai molrH efferrs on soil water storage Sof tsr Soc.
Am. Prom, 36:823—827.

Farboorn ML.. and H.P. Gardner. 1974 Field use of mim’owatersheds with. vertical moan Agron.
1.66:740-744

Fan. T., B A. Stewart, 2/ A. Pev°e, K Wang. S Song. 1. Luo, and C 4. Robinson,. 2005. Sup.enme,n
tel .rrgaton ann mater_a,eloa ‘e:eponsh’ps tn’ past culture crops in. t9e mess P.a:r’a.u
Ce.ne. Agm.n.i 97177.155.

Fersshesrl. Li.i., C.A. Per,erson, end D.C. Westfei I. r.998. Dryi.ersd cropping i’n.tens’ltlcation:
mental so1 otlor’. to efficient use of pres:ioltaflor’:. Ada. Agron.. 64197—223.

Eehrenberher.i.E., i.R Ceara, and A.L. Long. 1988. Deep tlLege and deep fertflzatin.’: eaperi
mont son.ar.ieypen soil, toil 5cC Soc. Ant. Prom. 22:553—887.

Eenste.r, C.R. 1977. Conservation tillape in the Northern Plains, J. toil Water Consera. 32:37—42.

Eenste C.. P., N.P, Woodruff W.S. ChepL, and E.h. Siddoevay. 1965. Perform’ance of tiliege 1w’ pie
ments in a stubble mulch system: ill. Effects of tlilege seguences on residues, soil cioddiness,
weed control, and wheat yield. Agron. J. 57:52-St..

Einn,ell, H.H. 1944. Water conservesion in Great Pielns wheat p-reduction. Dull. EL’S. Tea.es Agrir.
Eap. Stn,., College 9tetion

Eisb,e CE.. as’. d m Burnett.. 1953. Conserv’ation en.h o’t’lliaatiOn of soil moisture. Bull. 757. Texas
Ap’rir:. Esm.s. Ste., CoI.iege Station.

Eoloro’nso, O.As., D.t. Poiston, T. Pricherd, and CT. Loole. 1992. Sot surface’ strengt en.d :nfilt.ra
i:ion. ra’, a a. s efi’orted by roi.nter cover crops. tol.: Tertmnoi. 8189—197.

Eortier, 5. :909’. Sr:l .. mulches for rhecklnr- over”1;.ra,’Irlr, o’. aE.5-472. In 1908 Yoerflo.o’l. r/ “hr ‘JtCA.
5. C:.: oa. P:’ In:. LI’ ff: r.a,’Aesh I rret,o rr. CC.

C t 5:53: St :9/Se - 55, cc age’ in rae’.,’,’ Curl.:. trr’, “. 3.r: Sr’s’’5.ns, P’o’r. 1.7-5.0’

7/J135., 1,ta’a,o,r’nont r,:.srems ,n :-l snare roq.rs’.s :, I ‘“o a:m;rlnI Oo.s:re’:e e .53.7—5375 or C
a a “° 0 ori — 0 i—i r jq5.-.°sr,’n S
MacNor’, ‘aVI.



Gadacher, RN. 1990. The search for mw-input sod and water conservation techniques. Topics
Appl. Resour, Manage.. 2:11—31.

Ge’arcf. Ci. PD. Sexto” and PM Concrve 1984 Effect it’ forms’, dk.no, srDsoi’r:ci. and
mOic.n on rinD old, Acrco’r. i 76:945-950

Gerard, Ci., RD. Sexton, and D.M. Macus, 1983. Furrow dikirmg for cotton production in the RoB
ing Plains, Prog. Rep. P8.4174. Texas Agric. Esp. Stn. c..ofegr.. Station,

G:mrenez P.. C Dikser P. Medewa. f.A.A ri Ep-u°rr. ant 0 SrbooncIe’r,’oe r9Qt
C

Good, L.G., and D.E. Smika, 1978. Chemical fallow for soil and water conservation, in the Great
Plains, 3. Soil Water Conserv, 33:89—90.

Greb, 8cR’ 1970. circe cocoon a sdallcvo dat ayer to r’’rnaveso’ marc’ sro’arre
PP In-3d, Colorado St. Jolt, tsp. Sm., Fort Collins.

Greb, 8W. 1975. Snowfall characteristics and snowrnelt storage at Akron. Colorado, p. 45—64. in
Pci Sc p “‘r c” Msrao’-me n G ea wav Berm cE U’) iC) I 1 5

GreG 8W. 1978. Weeds and water conservation In tailow, tcofaliow Corrfi, Ogadala, NB. 27 Feb. 1978.
Greb, B.W. 1979. Reducing drought effects on croplands in the west-central Great Plains. USDAlot0, Bull. 420 .S. Gov. Print OffIce, Washinqfon., DC.
(men, 8.W. 1980. Snowfall ao its note’ita ‘nan.agensent r’ the remand Contra Grc-a(

ARM-W’i8, USDA, Agric. Ret. Sci, an,d Educ. Admin.. Western Region, Oakland. CA.
Gceh, 8W., and A.L. Black. 1911. Vegetative barriers and artificial fences for managing snow in f.hecentral. and “.coth.ern mAns p 96.-itt. in 4.0 Ha.gen icon P’oc, Snow an.d ice r’ Re.ator toWidlife and RecreatIon Svmu. Ames. IA. it—iD Feb 1971. IO,ra Coo.’. W%d!fc Pet

St. Univ., Ames,
Greh, 8W., 0.8. Smika, and A.L. Black. 1970. Effect of straw-mulch rates on soil watsrr storage cfur

n.g summer faIosv A the Great Plains. Sod Sri. Soc. Am.. Proc. 31:556—559.
Greb, 8W., 0 F. Smika, NP. Woodruff, and Ci. Wh4firmld, 1974. Summer fallow in the central

Great Plains, P. 51—85. Icr Summer fallow in the western United States, USDA-ABS Conserv,
Res. Rep. 17. U.S. Gov. Print, Office, Washington. DC.

Griffin, PH,, ii, Ri. Ott. and iF. Stone. 1966. Effert of water management and surface appried
harriers on yields and mosture utilization of gram sorghum mm’ the southern Great Rams,
Agron. 1. 58:449—452.

Griffith, DR., i,V. Mannering, and W.C. Moldenhauer, 1977. Conservation tillage irr the eastern
Corn Belt. Soil Water Conserv. 32:20—28.

Haas, Hi., W.0. Willis, and .j. Bond 1974a, Introduction, p. 1—ti, mr Summer fallov., n trw west
ern United States. USDA-ABS Conserv, Res. Rep. 11. U.S. Gov, Print. Office, Washington, DC.

Haas, H.J., W.0. Willis, armd l,i. Bond. 1974h. Summer fai.low rr the northern Great. Plains Isorlno
wheati. p. 12’ 35. rn Sun-me- ‘allow mn t’v 55055cr:: i.,mncrwt States. USDA-ARt Cn.”serv dc’s.Rep. 17. U.S. Gnu. Prirrt. Office, Washlngm.n.n, DC.

Harker, D.B., G.R. Webster, and P.R. Cairns, 1977. Factors contributing to r.rop response on a deepolowed Solonetz scd.l. Car:, I. 5ll Sd. 57:279—287.
Utrirer HI. t941. The itriect. nt tdr’’,t’dd-S ‘ciges 0” cr.’ndior to—: :.m’ w’cter ‘,-,be.ar Sod Sfr Soc

Am. Proc. 6:474—479.
Ha f eld c DC Re coskj L S0e cc am d S e Vecr’ma 1032 Ecapo coo n enrico ucal cy5 ems

cm.eni. Use cc’ Water fri ‘itr’ncrtato.n Ic: Great Plim.i.ns tn U’.: cnnmen’.e,s, Amos, Ifs.
Hauser, P.C., and M.B, Cox, 1962. E.valur-tion of Zlngg conservation b nch terrac’e. A03r ic. Erg.

43:462—467.

Hauser, V,L., arrd H.M. Tavl.oc, 1964. tvaluation, of deep-tmliage treatments On a slowly oerm.eable
soil, Trans. 45W 7:134—136. 14..

Hauser, V.L., and A.W. Zingg, 1959. Conse’rvation benching.. Soil and Wa’ter 8:12.
Havtn,

. and’ 4.3. Schdenel. 1997. Drvl,rrrd consemvatinn tech’. nnlogi.es: Enham’cin.o aocic’oit .o-al
a,., a “ o,I0107



40 Uncjee Kirkharn, N:eRen

Hetman, M.D. and 0.0. Gonzalez. 1973. Effect of narrowtrenching in, Harlingen cOy 502 on plant

k a o 1 ar 5 9 0 51°

HencJrcsOr, B -cc-. at ire c’roua ‘‘“° SO (nose,;. 5,21:30 .37,

Hil-lel, 12, 1998, Environmental soS physic.;, Academic Press, San Diepo, CA.

Horton, R,E. 1933. The role of Infiltration in the hydrologic cycle, Trans. 14th Ann. Meeting, Am,

Geoohvs. Union 14:446—460.

boNe0,TA., and S P ti’ot: 20-OS. Pa:hcuay-sto OCci cc a ,e’cacions, c.. 84—58, “ Pro-c 200-5 Len

r,a Oars l’,. Coni. Jte’,inc CC 16—17 0b 2005.

Huxley, PA. 1979, Zero-tillage at Morogoro, Tanzania. p. 259--265. In R, Lal (cdi Soil ti.Lage ar,d

crop production. lnt, lnst, Tropical Agric, (PTA), lhadan, Nigeria,

iark.5. CV.. CO. Wind, and It. Smitl.r 195. Mulching. Tech. Comrnun. 49, Comn,onsveaith Bureau

C toe Sc,. cno:ano.

Jaiota, AK,, and 5.5. Prihar. 1990. 8ara-soi.i evaporaiion. 0; reai.un to Siilaoi’ - Ad ‘,‘. 50i1 Sri.

12:187—216,

lames, t. 1943. Effect of certain cultural oractices on moisture conservation on, a Piedmont soil, j,

Ar, Soc 4am”. 37,043—952

janrison V,C. 1953 C’han.cies p a,r-eia.te ‘eia.tnnsrrcrs joe cc ;cruc.rai ;r’n,oeon’e-ns or s0i’,. So:’:

Sc’. 76:143-151.

Janick, J, 2002, Beading soil, Available at. http://www.hort.purdue.edu/newcrop/tropicaiilec

ture06/ (verified 1 Oct. 2009).

— r’ P 0 Pew? -, -‘ ‘-‘ — — —

Cunserc. Pus. Rep. 16. U.S. Gor, PrInt. 0f’fLe. Wash’ngton, DC.

Johnson, W.C,, C,E, Van Loren, and E, Burnett, 1974, Summer failovi in the southern Great Plains,

p. 86—109. in Summer fallow in the western United States, USDA-ABS Conserv, Ret. Rep. 17,

U.S. Gov. Print, Office, Washi.ngton, DO.

Jones OR., 1981. eand to-Cog effects on dry1and’ su-rqhu’r” production n tn-a so,ti”c”n Groat

Plains. Soil 3d, Soc. Am, J, 45:606-611,

Jones, OR., and F. N, Clark 1987. Effects of furrow d,kes on water conservation and dryland c’op

yields. Soil Sd. Soc. Am, J. 51:1307—1314.

Jones. OR., arrd W.C. Johnson. 1983. Cropping practices: Southern Great Plains, p. 365—385. In HE.

Dregne and W.O, Willis (ed.l Dryland agriculture Agron. Monogr. 23. ASA, CSSA, and 5554.

Mad:son, WI.

Jones, DR., and T.W, Popham, 1997. Cropping and tillage practices for dryland grain production

in the Southerrt Nigh Plains, Agron. J. 89:222—232.

Keeney. 12., and M. Muller. 700€. Water use b atharo rIants’ Potenral challenges, Inst Cr Agric

anrf Trade Pole’; M:nnean.u’,s MN.

Itemper, 41,12.. 30, Trout., 7.5. Huneiuher’s. and MS. B: uiloc’k. 1988. Mechanism busvh

gation reduces furrow infiltration rates in a silty loam soil, Trar,s, ASGE 31:821—829,

Kimball, BA. 1983. Carbon dioxide and agricultural yield: An assemblage an.d analysis of 43-0 prior

cc hservac0crs. A con. i 75.779--788,

KNknan. M.B - H. Cc;, T.P. Boi.ger, D.J. ,.aNlor, and FT. Kan.e”tasu. 1991. Leat rsr’.c.-tosvnrn.es:xan.g

va a-Sec use of big bluescern under ei:evaced carbon dioxide. Crop Sri. 31:11.89—1594.

Kladivko, E.J. 1994. Residue effects on soil physical properties. p. 123—141. in P.W. Unger (ed.)

Managing agricultural resid’.jes, Lewis Publishers, Boca Baton, FL.

(ear—os’ NE 17-0- ret 21104

Krishna, j.H., G.F. CAin, J.R, Williams. and J.R.. Mulkey. 1986. Modeling furroes dike effecc.s. on

runoff and c.rop yields. Paper 86-2016. ASAE, St. Joseph, Ml.

C Cc’ K S T 12 ( V P c’o C 20 Atm’ m e v no n e o c- all

bun, 5eai form.ation, and soil 1.oss. Soil Sd. Soc. Am, J. 68:935—942.

‘..amm, F.R., and P.M. Aiken, 2007. Tillage an..d irrio,ation c.apacity effec:ts c.n corn production.

Parser 0.7)25)45493 St. Ji,esenh.. Mi

an-un .ii,, P:.M, Aikr’o, and 4,4. :st’o’rl”.er— 200.8.. tffe:ctx of 1,1.1 ‘sue orac.Sices anti

c:osnrr,. p 84—100, in P’oc Ce—t”A Pi:o.s lr’o,a)On Con c;re’e-’ey CO i°i—2O. reh, 21308.

CPIA, Colby, KS.



Lnmla ER ar’rl 1 B. Nmo 2003. Tre ‘c ann sciem.f,c cent oons m Pear’ I. Wags 5o Sc
Soc. Am, 1. 67:681-693,

Lasc.ano, P.1., R.L. Baumhardt. S.K, Hicks, ard .J.L. Heiiman, 1994, Soil and plant water evaporation
from strip.tiiled cotton: Measurement and simulation. Aoron 1 86:987—994.

a — a’’’ r’ (
Am Woe. 20120-12S

Lentz, R.D., and DL, B(orneberg 2003. Polyacryiamide and straw residue effects on irrigation fu.r.
row s.rosion and infiltration, 1. Soil Water Conserv, 58:312—.31S,

Lenta, RD.. I. Shainbera, 8.6 Soika, and DL. Carter, 1992. Prevenlino irrication furrow orosion
‘,Errr s”nac appncaro’m o’ povmem, 501 SO. Soc .Am. .1 56:1926-1932.

Lccr S. 2003. Tc,rbule’’:e :n Ih Kiarneth Pvc’ basin. 6iocence 33.315—310
Le’icis, W.M. 191W, Weed controi in reduced-ti kage soybean production. p 41—50. ln A.f. Wiese

(ed,) Weed control in limited-tillage systems. Weed Sri. Soc. Am., Champaign, IL.
Loch, 8.1. 1989, Aggregate breakdown under rain: Its measurement and interpretation. Ph.D. the-

vs. ‘inc ctS Ne’.v’ E’a’and. to O.n5rai

We, W.M.. and: i P. Boruossc. 1981. Lost’ energy p’ecision applicaton ;t.EPA i’r:gahon
Trans. ASAE 24i241—124S,

Lyie, W.M., and AR Bordovsky. 1983. LEPA irrigation system. evaluation. Trans. ASAE’ 26:776—781.
Ma, S. 1988. Advances in mulch farm,ing in China. p. 510— 511. In P.W, linger et al. (edO Challenges

a’ — oL — s” P Co 0 r— —

Busrnanci, TX 15—19 Aug. 1988. Tesas Agric. ExL’ Stn.. C.o:iege Station.
Mah:er, P L., AG. Bailey, S. Norrst, ano K.A. Loeffeirnan, 2003. BMW for erosion controL AvaLabio

at http://www,uidaho,eduiwq/wqbrfwqhr27,htm (revised 3 ian, 2003; verifiea: 1 Oct. 2009).
Mannering, J.V., and L.D. Meyer. 1963, The effects of various rates of surface mulch on infiltration

and erosior:. Soil Sc-i, Soc m. Proc. 27:84...86,
Manic, C,P., and P.S. Chanasyk. 990. Tee effects of tiiiage upon. snom cover and 5p’ng soil water

Can. Agrir. Eng. 32:25—31.
MrCalla, TM., and TI. Army, 1961, Stubble-mulch farming. Adv. Agron. 13:125—196.
McConkey, 8G.. H, Steppuhn, and W. Nicholaichuk, 1990, Effects of fall subsoiling and snow

management en water ronservaton and continuous spring wheat yields in southwestern
Saskatchewan, Can. Agrir. Eng. 32.225—234.

McCnnkey, 8.0.. Dl. ijirich, and FR. Dyck. 1997. Snow management and deep tillage for increas
ng crop yields on a rolling landscape. Can, I. Sof Sc-i. 77479—486,

McMaster, G.S,, PM. Aiken, and DC. Nielsen, 2000. Optimizing wheat harvest cutting height for
harvest efficiency and soil and water conservation, Agron. 1.92:1104.1108,

M.WLo’tcr CO., and 1’-J oman 1085. Orn-ted i.liage in cotton oroaucton. p 61—76. in A. F.
WOve le’d,t dveecl contcC ,n iicntc’a-titaqe systems Weed Sc,. Sac. ‘ Cn.amoaion IL.

Mc’ad, i.A., and KY. Chan, 1988. Effect of deep tiliage and se,edbed preparation on. the growth
and yield of wheat on a hard-setting soil, Aust. 1. Exp, Agric, 28:491—498,

Mech, SJ.. G,M. Homer, L.M. Cos,. and 6.6. Cary. 1967. Soil profile modification by backhoe mixing
and deep plowing Trans ASAE 10.77S—779.

1u’ cxeiso.n, RI-i, 1966, cc.’,’e’E Olin ronttrci,rtlOn ‘It’ a.’Le’i’nO ar,o s.Øreadln,a ‘n-nor’. Cons. ASAE

Mickelson, R,H, 1968. Conservation bench terraces in eastern Colorado, Trans. ASAE 11:389—392.
Mil.ier, D.E., and 1.5. Aartcad, 1972. Effect of deep piowing on l.he physi.cal characteristics of dcxci

ci ii— ,. — c

I. ccp-c’rien.cy and henefits from a’. c’phosate tolerant crc c’s. c-.

Prot, Counc, Wow ECPC>, Aiton, Hampshire, UK.
Moody, i.E., i.N. iones, Jr., and .1.. H. Lillard, 19t’3. Influence of- straw-mulch n-n, soil moisture, sod

terc. ocraturi.., and ‘rowtb, c... I corn. S,3.1 5cr i. 5.oc, A.nv, Proc. 27:700—703,
ci — C .‘ —

use c.t t’tC It C-’.O-n’L ‘. ‘t’rrcnc. cOAL 2X:f.e,lr._r8.lt.
Mut,ick, 1.t’,, D A, Dusek., and A,D. SchnO.d.er, 1981. Deco cillage of irrigated Puuiman, ciay loarn.—A

long-term evaluation, Trans. ASAE 24:1513—1519,
Mcisick, AT., F,B. Pringle, W.L. Harman, and PA. Ste’,.vart, 1988. Long-term i’rrigation trends—

“ci ci H— a s S EPate cWkbs 103 .-5AE 5 Joseph MI



42 Urger. Kirkham. Nielsen

Nationvi Academy of Sciences. 2007. Water implications of biofuels production in the United

Stats’s Report n br.ef, October 2007 The Nat’o”a Academy ci Sc’er’ces, Washrgton. DC

S.. and i c. Cr’ooar: 0579. Water n’arage’ert ‘netnocrs sandy so:’s ot Senegai. p 248—258

/n R. Lal Cr0.) So tiiincie ann c-op producbon. lot. :n iv T’npca Agrc, hii4, 00Cc”. Opera

Nielsen, DC. 0.98. Snow catch and 5oli water recharge in standing sunflower residue, 1. Prod.

Agric, 11476—480.

‘sesen D C MS Vu, au I U. Beriarn’r. 2006. Emr.uatnq dec so” rivet 1w a”scncr cr00 seem

Ar’nua: Meer.’qs Abstra.ctr ivY OSA, CSSA. arC SSSA Madson,

Padgette, S.R., K..H. Kolacz, X. Deiannay, 0.8, Re, Si, LaVibiee, C.N. Tinius, OCR, S mdcv, Vi,

Ot.ero, G.F. Barry, D.A, Eichholtz, V.M. Peschke, D.L. Nida, N.B. Taylor, and G.M. Kishore.

1995. Development, identification, and characterization of a cilyphosate-tolerant soyhean

“c 000 SC. 351-451.1461

c RI Mi Lindstrc’’n. and ‘iL Cocrnm’. 1973 So. mu.cO efferts on sviocf ben

ture and water during fallow in eastern Washington. Soil Sci. Soc. Am, Proc. .37:307 314.

Papendick, R,i., and YE. Miller. 1977, Conservation tRiage in the Pacific Northwest. I. Soil Water

Conserv, 32:40-St.

PapendYk, Pm. and if. Par’, 1089. ‘ih’ value Y cr0-p rr’stl,,es for ‘Cat conserva on. 0

.ar’mi water management n the S,jmIann-Sfmeliar’, zone. Pm, c:. VVori’snou. CR15.81 Sane-an

Center, Niamey, Niger. 7—11 ian, 1987, ICRiSAT, Petancheru, india,

Peterson, GA., and D,G. Westfail. 2004, Managing precipitation use in sustainable dryand agro

ecosystems. Ann. Apol. Bioi. 144:127-138.

pni:ip, R, 1969. Theory of nfiitrat ion A.dv, Hynruscm 5:215 -1.90.

L., Di. WllkO’is, J. Aase, and I F. Zuzem. 1996. Co.r”oir r0pinci: -5 :ivage sira:egv to

improve water infiltration into frozen soil.. I. Soil Water Conserv, 51:76—83,

Pikul, ii Jr.. J.F. Zuzel, and D.,E. Wilkins, 1992. infiltration in frozen soil as affected by ripping.

Trarrs,ASAE 35:83—90,

Pressiand, Al,, and G.N Batianoff. 1976. Soil water conservation under ‘,uitivaten fancr,ss n tics’

sOils of south-western Queensland. Aust, 1. Exp, Agric. Anim. Husb. 16:564-569

Rachman, A, S,H, Anderson, C,i. Gantzer, and A,L. Thompson, 2004, Influence of stiff-stemmed

grass hedge systems on infiltration. Soil Sri, Soc. Am, 1. 68:2000—2006,

Rasche. E,. and M, Gadsby. 1997. Glimtosinate ammonium resistant crops: International commercial

developments and experiences. p. 941 -946. In Proc. 1997 Bnghton Crop Prot. Conf.-—-Weeds,

Bnghton, UK, 17-20 Nov. 1997, Br4ish Crop Prot, Counc inovy BCPC), Aiton, Hampshire, ‘UK,

Reinhardt, C.,, and B. Ganzel, 2007. Farming in the 1930s. Available at http://www,livinghistory

farm,orq!farminginthe3os/pestso6.html (verified 1 Oct. 2009).

Richamoson, C VU. 1973. Ruo0ff, emosmo.n an.d tiSa.qe eft,cienrc co qraded’tcmrromn’ 00cr t.erraceci

watershec,s. I. Somi Water C::’r’serv. 28:162— 164.

Ritchie. 1.7. 1972. Muriel for predicting evaporation from a roN crop with i n.compiete cover, tNccer

Resour, Res, 8:1204—1213.

Robertso.n. W.K,, L..C. Hammond. G.K. Saxena, and H.W. Lundy. 1973, lnfiuence of watc’r macmope

rem’S t’’’ouqh rrigam,o” and a sc,Osurfacc asoc ‘aver on. sc’asO’ai gro’y. tb arC “utre’:’,

smotake of corn. Agro . 65:866—870

R.obinson, A.B., N.E. Robinson, and W. Soon. 2007. Environmental effects of increased atmo

spheric carbon dioxide, I. Am. Phys. Surg, 12:79-90.

Rot:hfeder. I. ltSOf. livery drcmp for s.vle. Pe’ngui.n Putnam, 10,.:.. New York.

Rysseif E.Ot?. /988 1. :.lsceii:s soil con.ditio.ns arm: .rovz’:m.. I ed .8. : ml led. I norman

Saxena. G,K., b.C. Hammond, an-b H,W. Lundy. 1569, Yield ar.d water-use efficie . mcy of vegetables

as mnfiue.nced by a soil moisture barrier. Proc. Florida Stsste Hort. Soc. 82:16P,—172.

tomv’,t,O mom :/Vctemn.5. Aaron ‘. 65:101—154.

Sexton. K.E., 0.8. Mciooi, a-nd Ri. Papendick. 1981. i-inc nmmmich, for runoff and erosion contrcmi, I.

Scmh Water Conserv, 35:44—47.

Schil/incier, Vu’.F,, an.rI P.6. YOung. 2000. Soil water use and growth cmf Russian t[.istle after wheat

Seive’. Ti 2006. ,clrnt//v:-0 crener, arc: r/-e’i, 1 ‘-Cr0-mv ‘0’ .ocrJ”t tc,.e’an.c.e- 5’ ooze am. es-mt

kernel development imvbstracl5. /n .Unnuai Meetings Abstracts iCDi. ASA, 0.5.56, SSSA, Mac/i

son, WI.



43.

Sham.. ‘1. 1911. Dry land farming. The Pioneer Co., St. Paul, MN.
,aon a ci P R.irber 2003. Ot.”’,z”g ‘csi “oisS,sw ‘cc p:r-:csrodcro’ FAQ m-:’g 1-:’: 79

FOCi, Ro’c

Shear, G.M. 1989. introduction and hict.ory of limited tillaqe. p. 1—14. /n A,F. Wince /ed.l Weed con’,:7ti-t.’OHe os:e’n’s. Weeo Sc Soc A:”, C’acua:gn it.
Smite, .E. 1983. SoC mater change as related to noston of .rtravc mulch onth esoil surface, SoilSci, Soc Am. 1,47:988—991,

1.1.. 1989. TWege and sort-ace residue effects on euaporauon from soC. Sod SQ. Soa. Am,1. 53:911 916.
St now iL.. OF, Kane’rrasc± and tON, Clark. 1983. Soray lc;.sse sand osmtiz:orO no or’ :‘carer omd.s:r acenter p:vot sprinkier system. Trans. .ASAE 26:1128—1134.
Step puhn. H., and I. Waddlnoto.n, 1996. Conserving water and increasing a.ifada or’ doctiom: 05mg’5nn4qrs’ wr’dhreak, cjSlem.J So Water tQcer, 5’439—1d5
Sceppohn.. H., i. Waddington, and 8.0. Mcdonkey. 1995. Sobsoihing to improve snowmelt infdtrat.ion and alfalfa yields within. tail svheatqrass svindbreaks, Can. Aqric. Fnq. 47:251
Srecort, B.A. 2003. Aou’iers Ogaiiaa n. 3So44. ;n B A. Ste..: arl ao F .8. Howe’Water Sd, Marcel Dekker, New York,
Stewart, bA., and T.A. Howell. 2003. Preface, p. xc’S—avli .. in 00. Ste-c’ art and TA. HOrVei.i ie-ciEncic, Yvate’ Sc. MemO Denkec New Yore.
Tanner, (.8,, and Y. Shen, 1990, Water vapor transport through a flailchopoed cows residue, SoilSci, Soc Am. J 5494S—9Sl.
Tanner C B.. and FR. S,nciair. 1983. CaT.sienr mater jw c crop o’oo,ctio’s: Re-se-awl’ or ‘e--searsn7

p. 1—27, in H.M. Taylor et al. (ed.) Limitations to effiYient water use in crop production. ASA,(350, arrd SSSA. Madson WI.
Tasior, SO. arid P.c Ashcrot. 1972 Physirai edapboiogy. W.H. Freeman and Co., San Francisco, CA.
Thomas, OW. 1985. Managing mirrimumoillage fields, fertility, and soil type. p. 211—226. in A F.Wiese fed.) Weed control in lirnited-tillage sysrerris. Weed Sci. Soc. Am., Chamoaign. ii..
Todd, P.08, N L. Kiocke, G.W. Hergert, and AM. Parkhurst. 1991. Evaporatior from soil rifiuencedby crop shading, crop residue, and wetting regime. Trans. ASAF 34:461—466.
Travis, P.R., P.S. Chanasyk, and 8.0. Paterson. 1990. Effects of deep plowing on soil water consentand drai:’age of Sobonetec and associated soils. Can, Ogre-. Eng. 33:231—238.
Triplets, 0.8., Jr. 1985. Principles of weed control for reduced’tillage corn production. p 26—40. inOF. Wese (ed.i Weed control in limited,tii!age systems. Weed Sc. Scr. Am , Chanspac’,n. :1.
Trout, Ti., S.F.. Sojka, and R.,D. Lents, 1995. Polyacrylamide effect on torrosv erosion and Infiltra’ti.on, Trans. ASAF 38:761—765.

S. 20(0. Hiss’ory or: ce-sc manaoement isrr)rc:if the onveic,c:.nre-rrm ‘75 OrOe-.n0000s000tetricisons .Avai:able “ http:I/ss s’w- sate-lose corsica.. ipso/hi 94.27.htm (verified 1 Oct. 2009).
Twornlnw, 5., 0. Riches, and S. Mabasa, 1997. Weeding— Its cc,ntribution to soil neater conserrration

ci’ semi’a’.d “maize production p. 185.19(1 in Pmc 1997 RHgi’tor’. Crop Pror. Con.I — eecrs,Brighton, UK. 17—20 Nov. 1997. British Crop Proc. C,ounc, (rrow BCPC), Altors Ham pshire, UK.
Unger, P.5G. 1972. Dryland winter s.uheat grain sorghum cropr.rinq se-stems——Northern. Highp:airci. of ‘Fe-xas. SpE, 1135 i.Yxw Agmic (xis Sr.”.. Ce.ecie Statcn.
Urger. iSYs’, 1977. TCl.aqe eftecr.s 0:5 winter wise-at p’roduction, where toe irrigated and: drs’i.ancicrops are alte’nat.e-d. .Agron. 1 69:944 950..
Ur’:oer, i55./ 1978, Strac’.: .. nc irIs rOtc. e-isc’cI i’m: r.c: : :. s’.,’.it’ m st.ocaoe ,5m5:ci sc. mph: o irirrld SoP ,c Soc.

-

55e’: 491.
ilng.er. P.5G. 1979. tEfec,ts of dee-n i.i.:.i:aoe. an.d oroitie rncr.di.ficati.c:.rs on soii pmc:.:rert:e-s root groWth.and cop pin.ci: in She’ LOOmed States and C, ado. (tend rmr.. 22:2-CE 295.
Unger, P.5G. 1984, i’i.ilaqe arsd residoe e-ifects on wheat, sorgh.um, and sun/lose-er grown i.n rotaton, t.rsil Sri. Soc. .0.m.. 1. 48.385—891,

Sc:, Soc. Am,, 1. 56:283 289.
Unsem OW. 1993. Residuai ete cts cf em ii p.rc,fi.in ci’.r’.,’ihiccti on on p05cm :nt irmc,ri., .m. 0(5 dy- ci’an-cf or hear ideiri. Aqr’ n.j 5Se5So 050

Un.ger, P.W. 1995, Pole of nsulches in dryland agriculture. p. 241—270, In U.S. Gupta fed.) Produr’ton end mprovern.grlt o crops For drylands. OOn’Q A 8Sf Pub’ Co . Pet. rd., New Den,



Unger, Kirkham, Nielsen

Unger, PAY. 2001 Alternative and op-portunity dryland crops and related soil conditions :n the

Southern Great Plains. Atron. J. 93:216—226.

linger, P,sY, 2006. Scsi and seater conservation ‘sendoonc. Pores nevctces, c000.t-n’rs. and

terms., The Haworth Press, mt., New York,

Unqer. P771,, and T.A. Hr.:we I. 1999. A.gricnhirai. seater ccnservation—-.A. gin-hal perspective. c’.

1—35. In M.8. Kirkham (cdi Water use in crop production. The Haworth Press., Inc., New York.

liner, P.W. W. A. Payne. and GA. Peterson. 2006. Water conservation and efficient use-. p. 39—85.

e C PWe o d Jr v rc m. ‘o n S

SSSA. Madisor, WI.

Unccer. SW,, end MY. Vi0ii, 1998. (nec: cron effi-c.ts on you seater reietioncfe. cm. 1. SoP Water (nrc

sew. 53200-207.

Unper. P.W,, and A,F. Wiese. 1979. Managing irrigated winter wheat residues for water stor-age

e”d suhseoen: ore.and g’aio sorctnum p’oduct on to.i Sc Soc An-. 43982—588

USDA. 1908. Agricultural experiment stations of the United States, their locations, directors, and

nrin.doai tines of wort. p. 507—- 510. Irc 1907 Yearbook of the USDA. U-_S 3ov. Print. Office,

WashIngton. DC

van, Bavel, C.H.M., and P J, Hanky, 1983. Water conservation: Principles of soil water fiow, evap

oration and evapotranspiration. p. 25—34. in H.E. Dregr:e and VS-SO. Wilis. (ccl.) Drvfaod

evrvcu[ture. Aprssn Mc’nog: 2.3. ASA iOtA, a-nrc’ SSSA. Mad son

Van Doren. P.M .,Jr,. and R.R. Atmaras. 1978. Effect of residue management practices on the soil

physca! environment m’c’ocvroate. and p’anv groseen. p 49 -83. crc cUR. Osrha,d. ).ed

Crop residue management systems. ASA Spec. Pubi. 31. ASA, CSSA ann.’ SSSA. MaO;sun, 75,

Vvn, Ti.. G. Opoku, and (.1. Swanton. 1998. Residue management and minimum tillage svstenvs

5or soybeans fofov’fng wheat. Apron. J. 90131 138

Wagner-Riddle, C., T.J. Gillespie, and C.J. Swanton. 1994. Rye cover crop m. anagement impact

on vol seater content. soe temperature and soybean growtn. Can. J. P:ant Wi 74A8S--499.

Warrgemann, 5.6., R.A. Kohl, and PA. Mo!umeli, 2000. Infiltration and percoiation .nf:uer’cea hr

antecedent soil water content and air entrapment. Trans. ASAF 43-1515—1523,

Wenot, C.W. 1973. Effects of a minimum tillage-vertical mulch concept on soil rnnsture and yjeid 77;

gram soghum at Lubbock, Texas, 1970—1971. Prog. Rep. PR-3152. Texas Agric, Exp. tEn,, Co.-

lege Station.

West, TO., P.R. Griffith, and G.C Steinhardt. 1996. Effect of paraplowing on crop yields with no

tillage planting. J. Prod. Agric. 9:233—237.

Wh:thelcc, Ci., G.E. Car’ Doren, and W. Johnson, 1949. Stubble mild: management or wate

conservation and erosion control on. hardiands of ‘the southern Great Pla:ns. But. 711 Texas

Agrir. tap. Stn,, College Station.

W-cks. 6 A. 1985. Weed conGo in co”ccrvat’on. Image ysien”,— Sn-an g’e- ns. p.. 77—PP “- 0.1-.

Wiese (cdli Weed controi vi iirnitcrd tliag.e systems. Weed S,ci, Soc. .Ssrn.,, Chans,oai go, IL.

Wicks, E..A,, and G.E. troika. 1973. Cherc,ical ta-lines in a wheat-tallow rotation, J. Weed Sc.i. Soc.

Am. 21-97-. 102

Wicks. G..4., G.E. Smike, and CR. Fenster. 1972. Ecofallow—Has its time come? Paper, 1972

Nen’cska Wheat Ads- sore Co’nc”ltee. Meohog

Widtsoe, l.A. 192,0. Dry.farrning. The MacMtianto,, New Yn-ri’.

Wiedemanr,. P.1.. crud B,A. Smallacomfe, 1989. Chain diker---—A nese toc.l to reduce runoff. Agric.

tog. 70i5):17.—tS.

WescAr i wrs a o DiOnma 1006 Yosue tclwat,,no1pant aTer ebicicetea

Wiese, A. F., F, Pure ett, en’ At - Pox, Ii. I. 1361’. Cheer ,cei fe :0w in -dryi s’nci- rror’p 5-10 v-c’s:

Agrcc n.,,i. 59:175—177,

Ye’ -es A. ii, (‘/1/. Un ocr. Jnd R...P; - A. . . en.. 1985. n. t,1- —60. in G.E. Ui! inse ie-o i. V’yeeci con. -t!.s.i in. .rc-C

diane s.ystc’rrcs Weed Ste Sot. A.nr,, Champaign, iL,

Wit’,eim. WI-f’! 4 ‘r’ kins,r:r:, F..1 Karien fOCI Lighd.ie. 7007. Cr,rn etc .‘er to sustain 501:1

r.roanic c.arf-in l-u.:.r-rher Cr i-ist-ra:rrs binrncivs s-i:- DiJi. cc sT..c:roc. S 99:16-6.5 1557.

Willis, WeD,, H,J. Ha.as, ccnd. J,S. Rohbins, 1963, Moisture con.servati,on by sc.irtace end subsu’rtace

nt-arrears en-d soi i: ccnfuoura,tiors under sen-i cr4 rc’n.cd-tin i-if., ‘t,.ii,- So.c. Are, Proc. 27:t-77 380.

Wockner, 77. D. Freeb.airn, U. Hemliv,on, and P. Rowiands. 1955. The rough ar:d -.crnn.othc4

rainfall capt.ure in the Macanna, Availabie at http:/I-w-wvnregional.org.aufacc/acallP9Si

posleoi3lWocener hIm iverhed 1 Oct. 200-1).



45

04. Wes:fas. are G.A Peterson. 19-51 So ca’bo arvI rrrooer r anges or
;jrtO; not-; rroopGg s ste’-u So1 50. Soc Am.) 55:470 --176.

Yarn, U U Xce P. Ann. and UT Han 2000. 1ntc-qa1eo tecOnue svste’ o cmc-arrmco a 0

1 LA s dry c care s g a m re 21e eroc C
inn Coot on Dryland and Water-Saving Farotng, Beijing CR. China. November 2000. China
Agric. Univ. Pres.s, Beijing.

Ziogo, AW, and V.L. Heuser. 1959. Terrace benching to s.ave pctentiai runoff for semiarid arrd..
Agron. J. 51:289--292:.

Zincq. A.Vst, and C-i. Whitfied. 19S7. A summary of research eceer:errce with stubble-mulch fcirm
ens. USDA. Tcsch. BulL 1160. iTS. Cu ;. Print Oftce. Weshlrrosuc;. DC.

tenser;. 42:441 450




